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14. ABSTRACT 

Prostate cancer (PCa) is the most prevalent cancer among men, and second leading 
cause of cancer death among men in the US. Current clinical interventions for PCa 
include surgery and radiation therapy, and anti-hormone and androgen-deprivation 
therapy for early stage and hormone-sensitive PCa. But, practically no therapy 1s 
currently available for non-resectable and hormone-refractory PCa. We have 
developed la,25-Dihydroxyvitamin D3-3-bromoacetate (1,25(OH).D3-3-BE), a novel 
aiLkylating deravakive of 10, 725=dinydroxyvitamin. Ds (1,25 (0OH)sDs),. and - an iprelamimnary 
studies, demonstrated potent growth-inhibitory activity in several PCa cells. These 
results suggest a strong therapeutic potential of this compound in PCa. 

The principal goal of this project is to evaluate the potential of 1,25 (OH) .D3-3-BE 
as a therapeutic agent for prostate cancer in animal models of human prostate 


cancer, and explore the molecular mechanism/s of this compound in prostate cancer 
cells. The ultimate goal of this project is to develop 1,25(0H)2D3-3-BE as a 
therapeutic agent for prostate cancer. 


Specific Aim 1: In: vivo studies of 1,25 (OH) 2Z2D3—-3-BE in mouse models 

1A. Determine MTD of 1,25(0H)2D3-3-BE in non-tumor bearing SCID mice, 

LB Evaluate bio-availability of 1,25(0OH)2D3-3-BE in a mouse model 

TB: Determine efficacy of 1,25(0H)2D3-3-BE in mouse xenograft models for human prostate 
tumor 


Spectre: Aum +25 Mechanistic studies: Of 1.25 (OH) 2ZD3-—S-BE- 2m prostate cancer: cells 
2A. Evaluate the regulation of cell-cycle and apoptotic: markers by 1,25 (OH) 2D3=3-BE 
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Introduction 


Therapeutic potential of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) in prostate cancer is well-recognized. 
However, its clinical use has been restricted by its inherent calcemic toxicity. In recent studies we 
demonstrated that 1a,25-dihydroxyvitamin D3-3-bromoacetate [1,25(OQH)2D3-3-BE], a derivative of 
1,25(OH)2D3 that covalently links 1,25(QH)2D3 inside the ligand-binding pocket of nuclear vitamin D receptor 
(VDR) is a strong antiproliferative and pro-apoptotic agent in several androgen-sensitive and androgen- 
refractory human prostate cancer cells. Furthermore, in a preliminary study 1,25(OH)2D3-3-BE showed strong 
anti- tumor effect in a mouse model of prostate cancer without significant toxicity. The goal of this project is to 
evaluate translational potential of 1,25(OH)2D3-3-BE as a therapeutic agent for prostate cancer. This will be 
achieved by determining the efficacy of 1,25(OQH)2D3-3-BE in mouse models of human androgen-sensitive and 
androgen-insensitive prostate cancer, as well as evaluating its molecular mechanisms of action in in vitro 
studies. 


Synthesis of 1,25(OH)2D3-3-BE 


Success of all the studies included in this project are critically dependent on the availability of 
1,25(OH)2D3-3-BE in substantial quantities. In the past we synthesized this compound in a multi-step scheme 
using 1,25-dihydroxy-7-dehydrocholesterol as the starting material (R. Ray, S.A. Holick, and M.F. Holick. 
Synthesis of a photoaffinity-labelled analog of 1,25-dihydroxyvitamin D3. Journal of the Chemical Society, 
Chemical Communications 11: 702-703, 1985). However, this starting material is no longer available. 
Therefore, we had to devise a synthetic scheme for obtaining substantial quantity of 1,25(OQH)2D3-3-BE 
required for our studies by a scheme shown below. 


Synthetic procedures: 


a. 3-TBDMS ether of 25- i ic D3-SO>» adduct (B): Approximately 10 ml of SO2 was condensed 
(oe 2 | (-78°C) in a flask containing 200 mg of 25- 


OH 


OH 


hydroxyvitamin D3 in a flask fitted with a trap that was 
cooled with dry ice-acetone (-78°C). The yellow 
solution was refluxed with stirring for 4 hours followed 
iss " ® " by removal of SO» with a stream of nitrogen to produce 
a foamy solid. The foam was dissolved in 5 ml of 
anhydrous DMF (distilled fresh from CaO) and 
TBDMSCI (1.5 X), imidazole (2 X) were added and 
the solution was stirred at 25°C for 20 hours followed 
by removal of DMF under vacuo, re-dissolving the 
residue in EtOAc. The organic solution was washed 
with water, organic layer was dried over anhydrous 
MgSOau, and the solution was concentrated under 

ae eee vacuo. The residue was moved on to the next step 


The scheme for the synthesis of 1,25(OH),D,-3-BE without further purification. 


> 
1. Lig. SO / Reflux $05 NaHCO3/ 
>. TBDMSCI / EtOH / Reflux 
Imidazole /DMF 
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NMO / SeO2/ 
CH2Cl2 / Reflux 


——— 
DHP / PPTS / 
CHo2Clo 


—— 
UV / Toluene -Et3N 


OTBDMS TBDMSO"" OH TBDMSO" 


> 
BrCH2COOH / 
DCC / DMAP / 


————— 
TBAF / THF PPTS / EtOH 


OTHP BrCH,COO" 
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BrCH,COO"” 


b. Trans-25-hydroxyvitamin D3-3-TBDMS ether (C): The crude from the previous step was dissolved in 
95% EtOH (10 ml) and NaHCO; (244 mg) was added. The mixture was refluxed under argon for 90 min 
followed by addition of brine and extraction of the aqueous solution with EtOAc. The crude reaction product 
was purified by preparative TLC (silica plates, 1000u, Analtech) to produce 56.7% of the desired product (C). 
C. Trans-1a,25-dihydroxyvitamin D3-3-TBDMS ether (D): A mixture of (C) (760 mg) and SeO2 (192 mg) 
in 15 ml of anhydrous CH2Cl, was refluxed under argon for 30 min followed by cooling to room temperature 
and addition of a solution of N-methylmorpholine-N-oxide (850 mg) in 15 ml of anhydrous CH2Cl». The 


mixture was refluxed for an additional 60 min when TLC indicated almost complete reaction, and refluxing was 
stopped. The mixture was filtered and concentrated under vacuo. The crude reaction product was purified by 
preparative TLC to produce almost a quantitative amount of the desired product (D). 
d. la,25-Dihydroxyvitamin D3-3-TBDMS ether (E): 80 mg of (D), anthracene (10 mg), Et3N (40 ul) in 10 
ml of toluene (in a quartz test tube) was irradiated from a Hanovia medium pressure mercury arc lamp for 75 
min. The irradiated solution was concentrated and the crude mixture was purified by preparative TLC (1000 u 
plate, 4:1 EtOAc-hexanes, multiple elutions, the desired product (most polar of all the photo-products) was 
isolated as a gummy liquid in 67% yield. 
e. la,25-Di-tetrahydropyranyl, 3-TBDMS ether of 1a,25-dihydroxyvitamin D3 (F): A solution of (E) (35 
mg), DHP (60 ul) and a few crystal of PPTS in 1.0 ml of anhydrous CH2Cl, was stirred for two days followed 
by preparative TLC procedure to produce 34 mg (74%) of the desired product (F). 
f. 1a,25-Di-tetrahydropyranyl, 1 a,25- 
dihydroxyvitamin D3 (G): A solution of 
eS SGD | (F) (17 mg) and 20 ul of TBAF (1M in 
THE) was dissolved in anhydrous THF (1 
ml) and stirred for 20 hours. The reaction 
mixture was diluted with EtOAc, washed 
with brine, dried over anhydrous MgSQu,, 
concentrated and purified by preparative 
TLC to produce quantitative amount of 
(G). 
g. la,25-Di-tetrahydropyranyl,1a,25- 
dihydroxyvitamin D3-3-bromoacetate (H): 
A solution of (G) (8 mg), DCC (2.5 X, 
8.12 mg), DMAP (catalytic), bromoacetic 
acid (1.5 X, 3.3 mg) in one ml of 
anhydrous CHCl, was stirred for 20 
hours followed by filtration of the 
mixture, concentration of the filtrate by a 
A ) ‘ | stream of nitrogen and preparative TLC 
arms ie iy os is purification of the reaction mixture 
Figure 3: NMR spectrum of the the new batch of 1,25(OH),D,-3-BE produced quantitative amount of the 
desired product (H). 
h. la,25-Dihydroxyvitamin D3-3-bromoacetate: A solution of (H) (7 mg) was dissolved in 3 ml of ACOH- 
THF-H2O (4:2:1) and heated at 50°C for 20 hours. Volatile matters were removed under a stream of nitrogen 
and the product was isolated by preparative TLC. Yield of the desired product 1a,25-dihydroxyvitamin D3-3- 
bromoacetate was quantitative. NMR spectrum of the product (1,25(OH)2D3-3-BE), shown above corroborated 
well with its assigned structure. 


Cellular Studies: 
A. 1,25(OH)2D3-3-BE is superior to 1,25(OH)2D; in inhibiting the growth of LNCaP (androgen- 
sensitive), DU-145 and PC-3 (androgen-insensitive) prostate cancer cells: 


: peo 6. SE LNCaP and 

an - DU-145 cells were 

: 5 : grown to 

ze E approximately 60% 

2 é confluence in RPMI 

Bs medium with 5% FBS 
and then treated with 


1,25(OH),D, — 1,25(OH),D5 1,25(OH),D, — 1,25(OH),D, 
(10-7M) -3-BE (107M) —- (108M) -3-BE (10M) 
10°°M 6 
Figure 1: Dose-response study of 1,25(OH).,D,-3-BE or 1,25(OH),D, on the growth 
of LNCaP cells. Cells were treated with 10°’®M of 1,25(OH),D,-3-BE or 1,25(OH),D, or 
EtOH for 16 hours, and subjected to 3H-thymidine incorporation assay in the usual 
fashion. 


Figure 2: Dose-response study of 1,25(OH),D,-3-BE or 1,25(OH),D, 
on the growth of DU-145 cells. Cells were treated with 10°7°M of 
1,25(OH),D,-3-BE or 1,25(OH),D, or ELOH in serum-containing media for 
48 hours (dosings at 0 and 24 hours), and subjected to 3H-thymidine 
incorporation assay in the usual fashion 


various doses 1,25(OH)2D3-3-BE and 1,25(OH)2D3 in 


Table 1: Trypan blue assay to determine the effect of 10-7M of 1,25(OH),D,-3- serum-containing medium for 16-48 hours followed by 
BE or 1,25(OH),D, on the growth of PC-3 cells 


*H-thymidine incorporation assay (LNCaP and DU- 
Sample % Inhibition % Live 145) or Trypan Blue assay for PC-3 cells. Results of 
Ethanol Control this assay demonstrate that 1,25(OH)2D3-3-BE is 
strongly antiproliferative in all the cell-lines. 
However, equivalent amounts of 1,25(OQH)2D3 showed 
significantly lower or no effects in these cells (Figures 


1,25(OH),D, (10°7M) 


1,25(OH),D-3-BE (10-7M) 


| 1 & 2, and Table 1). 
oe f 
5. | = B. Comparison of the effects of 1,25(OH).D3-3-BE, 
B soon | 1,25(O0H)2D3 and EB-1089 in DU-145 cells: 
oe 
"nom | At present EB-1089 is the most promising non-calcemic analog 

| | me ——s of’: 1,25(OH)2D3 that has shown strong promise in inoperable 

1,25(0H) ,D, - EB-1089——1,25(0H) 2D2-3-BE_ = hepatocellular carcinoma (Dalhoff K, Dancey J, Astrup L, Skovsgaard 

Scie wore treateg with 10. “Mor 25(0r) sb.3-BE,c8.108 +L, Hamberg KJ, Lofts FJ, Rosmorduc O, Erlinger S, BachHansen J, 
Ci eee ieee in aD Steward WP, Skov T, Burcharth F, Evans TR. A phase II study of the 
thymidine incorporation assays in the usual fashion. 


vitamin D analogue Seocalcitol in patients with inoperable 
hepatocellular carcinoma. Brit. J. cancer 89: 252-257, 2003). We compared the antiproliferative effect of EB- 
1089, 1,25(OH)2D3 and 1,25(OH)2D3-3-BE in DU-145 cells by *H-thymidine incorporation assay. As shown in 
Figure 3, only 1,25(OH)2D3-3-BE showed a strong antiproliferative effect in DU-145 cells. 


C. Microscopic appearance of LNCaP cells dosed with 1,25(OH)2D3-3-BE or 1,25(OH)2D3: 


LNCaP cells were dosed with 10°M of 1,25(OH)2D3-3-BE or 
1,25(OH)2D3 for 6 hours and cells were visualized with a phase- 
contrast microscope. As shown in Figure 4, 1,25(OH)2D3-3-BE-dosed 
cells appeared to round up and lift off the plate, denoting cell-death, 
while 1,25(OH)2D3 or EtOH (control)-treated cells appeared normal. 


D. Tumorigenic PC-3 cells are sensitive to 1,25(QOH),D3-3-BE- 
Vehicle UGNONES, “Ce treatment, but normal RWPE-1 prostate cells are not: 


-treated -treated -treated 


Figure 4: Microscopic appearance of LNCaP cells treated for 16 hours 


with EtOH (vehicle) or 10°M of 1,25(OH),D,-3-BE or 1,25(OH),D,. PC-3 and RWPE-1 cells were dosed with 500 nM of 


Vehicle control 500 nM 1,25(OH),D,-3-BE 1,25(OH)2D3-3-BE or EtOH (control) for 24 hr, and treated 
with dyes and visualized by confocal microscopy. As 
shown in Figure 5, tumorigenic PC-3 cells showed 
extensive cell-death, but not RWPE-1 normal cells. These 
results suggested that normal prostate cells may not be 
sensitive to 1,25(OH)2D3-3-BE-treatment, but cancer cells 
are. This is a very interesting finding if we are to develop 
1,25(OH)2D3-3-BE as a therapeutic agent for prostate 
cancer. 


PC-3 


(Tumorigenic) 


i bog be 


(Non-tumorigenic 


Mechanistic Studies 


Figure 5: Confocal image of PC-3 (tumorigenic) and RWPE-1 (non- 
tumorigenic prostate cells): treated with 500 nM of 1,25(OH),D,-3-BE 


or EtOH for 24 hr in full serum medium; green: live cells, red: dead cells A. 1 25 OH D3-3-BE CauSes apo tosis in rostate 


cancer cells: 


Results of Figure 4 suggests that 1,25(OH)2D3-3-BE causes programmed cell death (apoptosis) in 
LNCaP cells. This phenomenon was confirmed in DU-145 cells, where treatment with 1,25(OH)2D3-3-BE 
increased caspase 3/7 activity, a marker for apoptosis, while caspase 3/7 activity was not induced in 
1,25(OH)2D3 and EtOH-treated cells (Figure 6). This phenomenon was further confirmed in PC-3 cells in 
which 1,25(OH)2D3-3-BE-treatment caused 81% cells to undergo apoptosis, while only approximately 5-6% 

25000 cells underwent apoptosis by 1,25(OH)2D3 or EtOH-treatment 
(Figure 7). 


20000 


B. Apoptosis by 
1,25(OH),D;3-3-BE 


DS bY AY AY : 
10000 & oe S¢ doesn’t involve 
anti-PARP amma a a a ss -- PARP-cleavage: 


15000 


Fluorescence 


5000 


Control _ In many cells 


Control | 1,25(OH),D, 1,25(OH),D,-3-BE . 
Fi 6: C 3,7 activit in DU-145 cells followi apoptosis _ 
igure 6: Caspase 3,7 activity assay in DU-145 cells following ; . 
Figure 8: PARP-cleavage analysis of DU-145 cells treated with 
th 10% a accompanied b 
treatment with 10°°M of 1,25(0OH).D3 and 1,25(OH).D3-3-BE 10°*7M of 1,25(OH),D, or 1,25(OH),D3-3-BE p y 


PARP-cleavage, but in DU-145 cells 1,25(OQH)2D3-3-BE-induced 
apoptosis did not appear to involve PARP-cleavage (Figure 8). 


C. 25-Hydroxyvitamin D3-3-BE (25-OH-D3;3-3-BE) inhibits 
Akt-phosphorylation in DU-145 cells: 


Figure 7: FACS analysis of PC-3 cells treated with EtOH (control) or , : a 
10 M of 1,25(OH),D,-3-BE or 1,25(OH),D, for 12 hours. Akt is a pro-survival protein in the P13K/PTEN pathway. 


. oa hates ae iii BoM) Many antiproliferative agents inhibit phosphorylation of Akt as a 

= part of their mechanism to inhibit growth of cancer cells. We 
observed that 25-OH-D3-3-BE, a counterpart of 1,25(OH)2D3-3-BE 
without the |-hydroxyl group, inhibits Akt-phosphorylation in DU- 
145 cells (Figure 9). 


D. Modulation of 1,25-dihydroxyvitamin D3-24-hydroxylase 
(CYP24-OHase) gene by 1,25(OH)2D;3 and 1,25(OH).D3-3-BE in 


LNCaP cells: 


The CYP24 gene product CYP24-OHase catalyzes the 
pindira@s oa tecelc were nested archon introduction of a hydroxyl group at the 24-position in 1,25(OH)2Ds3, 
10°°M of 1,25(OH),D, or 1,25(OH),D,-3-BE or EtoH, | followed by multiple oxidations of the side chain leading to calcitroic 
followed by Western Blot analysis for p-Akt acid, the final catabolite that is excreted. Therefore, CYP?24 is the 
1,25(OH),D,(nM); 0 10 100 10 100 0 0 initiator of the catabolic degradation of 1,25(OH)2D3 in vivo. 
Furthermore, CYP24 gene is a VDR-inducible gene. We 
hypothesized that covalent attachment of 1,25(QH)2D3-3-BE 
deep inside the ligand binding pocket of VDR will prevent it 


1,25(OH),D,-3-BE (nM): 0 0 0 0 10 100 


ZK159222 (uM): 


24-OHase from reacting with CYP24-OHase and decrease its 
catabolism. In essence it would require more 1,25(OH)2D3-3- 
B-Actin BE to induce the same level of CYP24 message as 
1,25(OH)2D3. 


Figure 9: Effects of various doses of 1,25(OH),D, or 1,25(OH),D.-3-BE 
on the 24-OHase gene-message in LNCaP cells: treated either alone or in Results of this experiment, shown in Figure 9, 


the presence of an excess of 1,25(OH).D3-antagonist, ZK 159222. 


demonstrate that treatment of LNCaP cells with 107M of 
1,25(OH)2D3 strongly induces CY P24-message, and moderately with 10°M. In the case of 1,25(OH)2D3-3-BE, 


8 


induction of CYP24 mRNA is observed only at 10°’M, and intensity of message is similar to 10°M of 
1,25(OH)2D3. These results demonstrate a log scale difference in inducing the message for CY P24 between 
1,25(OH)2D3 and 1,25(OH)2D3-3-BE. 


To further investigate the requirement for VDR in 1,25(OH)2D3-3-BE action, we used a VDR- specific 
antagonist, ZK 159222 which has been shown to be effective in blocking VDR- mediated gene regulation. 
Therefore, LNCaP cells were treated with either 1,25(OH)2D3-3-BE or ZK 15922 alone or in combination, and 
the levels of CYP24 mRNA analyzed by RT-PCR. 

In our experiment we observed that CYP24-message (by 1,25(OH)2D3 and 1,25(OH)2D3-3-BE) was 
reduced by ZK15922 in a dose-dependent fashion, and completely obliterated with 10°M (of ZK15922). 
Collectively these results strongly suggest that cellular effects of 1,25(QH)2D3-3-BE in LNCaP prostate cancer 
cells are VDR-dependent. 


1,25(OH),D3-3-BE remains in circulation for at least up to six hrs in mice: 


Bio-availability study: 


Normal Balb C mice were dosed (i.p.) with 2 ug/kg of 
1,25(OH)2D3-3-BE or vehicle (5% DMA in sesame oil). The 
animals were sacrificed at 0.5, 1.0, 2.0, 4.0 and 6.0 hours, blood 
was withdrawn by cardiac puncture and sera made. Serum 
samples were extracted with ethyl acetate and analyzed in a 
HPLC/MS (Voyager). As shown in the Fig. 10, a serum sample (4 
hr-treatment, a representative sample) contains a peak for 
1,25(OH)2D3-3-BE. Matrix sample and control sera samples do 
not contain this peak. This peak was visible at least up to 6 hr, 
indicating that 1,25(OH)2D3-3-BE remains 1n circulation for at 
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Figure 10: MS/MS analysis of organic-extract of serum 

sample of a mouse injected with 1,25(OH).D,-3-BE for 4 hr. 
1,25(OH).D,-3-BE is indicated by an arrow (bottom). Note: 
Matrix spectrum does not contain the 536.07 mass 


least 6 hr. 


Determination of maximum tolerable dose (MTD) of 
1,25( OH )2D3-3-BE: 


Twenty (20) male nu/nu mice, 6 weeks old (Charles River 
Laboratories, Wilmington, MA) were grouped in five (5) animals 
each and injected (1.p.) with either vehicle (sesame oil) or 0.75 
ug/kg, 1.0 ug/kg and 1.25 ug/kg of 1,25(OH)2D3-3-BE (in sesame 


peak present serum: sample: oil) on every third day. Mice were observed for sign of toxicity 


including lack of apetite, weight loss, lethargy etc. After seven (7) injections three (3) mice (out of a total of 5) 
receiving 1.25 ug/kg of 1,25(OH)2D3-3-BE died, and the experiment was stopped. 


Number Dead 


Based on the results shown in the above table MTD of 1,25(OH)2D3-3-BE was ascertained to be 
between 1.0 — 1.25 ug/kg. 


1,25(OH),D3-3-BE inhibits the growth of established hormone-refractory tumor in a mouse xeonograft 


model (p.o. and i.p. administrations): 


Male, athymic mice (average weight 20 gm), fed normal rat chow and water ad /ib were inoculated with 
culture-grown DU 145 cells in the flank. When the tumor size grew to approximately 100 mm’ the animals 
were randomized into groups of ten (10), and they were given 1,25(OH)2D3-3-BE, 1,25(OH)2D3, EB-1089, and 
vehicle (5% dimethyl-acetamide, DMA in sesame oil) by oral gavage (p.o.) or intraperitoneal injection (i.p.) on 
every third day (when body weights were determined); and one group was left untreated (doses are noted in 
Figures 11 & 12). Treatment started on day 11 and stopped on day 30; and animals were left untreated for two 
(2) additional days when they were sacrificed and blood was collected for serum-calcium determination. 


Summary of results: 


P.O. mode: 

(i) 1,25(OH)2D3-3-BE and 1,25(OQH)2D3 (each 0.5 ug/kg) showed a strong and similar anti-tumor effect 
(Figure 11A), far greater than 0.5 ug/kg and 1.0 ug/kg of EB-1089. Molecular weights of 1,25(OH)2D3 and 
1,25(OH)2D3-3- 
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Figure 11A: Effect of 1,25(OH),D3, 1,25(OH).D3-3-BE and EB- 
1089 (q.o.d. X 10, p.o.) on tumor volume in DU-145 mouse 
xengraft model. 


n imolar 
Figure 11B: Effect of 1,25(OH).D3, 1,25(OH),D.3-3-BE and g equ Ola 
EB-1089 (q.o.d. X 10, p.o.) on body weight in DU-145 mouse amount of 


xengraft model. 
1,25(OH)2D3. 
(il) 1,25(QH)2D3-3-BE did not cause any gross toxicity, as reflected in body weight in contrast with 
1,25(OH)2D3 which caused significant toxicity (Figure 11B). EB-1089 was not toxic. 
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Figure 12A: Effect of 1,25(OH),D3, 1,25(OH),D3-3-BE and Figure 12B: Effect of 1,25(OH),D3, 1,25(OH),D.,-3-BE and 
EB-1089 (q.o.d. X 10, i.p.) on tumor volume in DU-145 EB-1089 (q.o.d. X 10, i.p.) on body weight in DU-145 mouse MWs of the 
mouse xengraft model. xengraft model. compounds, 


1,25(OH)2D3-3-BE 1s approximately 7-times more efficacious than an equimolar amount of 1,25(OH)2D3. 
(ii) 1,25(OH)2D3-3-BE caused some gross toxicity, as reflected in body weight, however it was less than 
1,25(OH)2D3 (Figure 12B). EB-1089 was not toxic. 


10 


Serum calcium: We waited for two additional days after stopping the dosing and sacrificing the animals. 
Serum-calcium values of treated animals were not significantly different from controls (un-treated and vehicle- 
treated, results not shown), demonstrating that 1,25(OH)2D3-3-BE and 1,25(OH)2D3 have no residual toxicity at 
this dose (results not shown). 


In general, oral administration of any drug is far more desirable than any injectable form. Therefore, the 
p.o.-data is highly significant. Since 1,25(OH)2D3-3-BE is non-toxic at 0.5 ug/kg, presumably considerably 
higher dose can be used with a stronger anti-tumor effect and less/no toxicity. [p. data support our hypothesis 
that covalent attachment of 1,25(OH)2D3 (to VDR ligand-binding domain, via 1,25(OH)2D3-3-BE) will increase 
its half-life, engage and keep VDR transcriptionally active for a longer period which may result in better 
efficacy (7-times better in this case) but it may cause some toxicity. Dose-level can certainly be lowered to 
obtain better efficacy/toxicity index. 


Attempts to develop of a mouse xenograft model of androgen-sensitive human prostate tumor: 


Our overall goal for this project is to determine the efficacy of 1,25(OH)2D3-3-BE in both androgen- 
sensitive, as well as androgen —insensitive human prostate tumor. As described above we have developed an 
athymic mouse xenograft model for androgen-insensitive (DU-145) prostate tumor. However, all our attempts 
to develop an androgen-sensitive prostate tumor model with androgen-sensitive prostate cancer cells failed. 
Upon investigating this matter with researchers who have published on this model we obtained an unequivocal 
response: it is ‘unpredictable’ at its best, and ‘extremely difficult’ at its worst. 


There are several treatment-options for androgen-sensitive prostate cancer, but there is no therapy to 


date of androgen-insensitive and metastatic prostate cancer. Therefore, demonstration of the efficacy of 
1,25(OH)2D3-3-BE in reducing tumor-size in an androgen-insensitive tumor model is highly significant. 


Summary of the abovementioned studies: 


(1) Developed a synthetic scheme of 1,25(OH)2D3-3-BE to obtain large quantities of this compound that 
will be required for future studies. 


(11) Carried out growth assays in androgen-sensitive and androgen-insensitive prostate cancer cells to 
demonstrate that 1,25(QH)2D3-3-BE 1s far superior than 1,25(OH)2D3 in inhibiting the growth of several 
prostate cancer cells. 


(iui) Demonstrated that 1,25(OH)2D3-3-BE does not inhibit the growth of normal prostate cells. 


(ii) Carried out several mechanistic studies to determine a. role of VDR in its cellular activities of 
1,25(OH)2D3-3-BE, and b. various pathways for its apoptotic and growth-inhibitory activities. 


(iv) | Determined bio-availability 1,25(QH)2D3-3-BE in mice. 

(Vv) Determined maximum tolerated dose (MTD) of 1,25(OH)2D3-3-BE in mice. 

(v1) | Developed a mouse model of androgen-insensitive prostate cancer, and demonstrated that 1,25(QH)2D3- 
3-BE strongly reduces tumor size, and it is largely non-toxic, demonstrating a strong therapeutic potential of 


1,25(OH)2D3-3-BE in prostate cancer. 


Completed projects/studies beyond the Specific Aims of this PCRP grant 
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During the tenure of this grant we completed the tasks specified in the Specific Aims. In addition, we 
initiated projects/carried out studies to (i) further investigate the potential of 1,25(QOH)2D3-3-BE in prostate 
cancer in terms of formulation and delivery, and (ii) evaluate therapeutic potential of 1,25(OH)2D3-3-BE in 
other malignancies. 


Liposomal preparation of 1,25(OH),D;3-3-BE and demonstration that liposomal 1,25(OH),D;3-3-BE 
1,25(OH),D3-3-BE), ;p| is a significantly stronger antiproliferative agent than liposomal 1,25(OH).,D3; in 


prostate cancer cells: 


Phospholipid liposomes are small, uniform particles that are made up of biocompatible phospholipids 
and cholesterol; and they are designed to encapsulate drugs in the lipid-bilayer of the liposomes. Liposomal 
formulation of 1,25(QH)2D3-3-BE is designed increase circulatory half-life and efficacy resulting in an 
improved therapeutic index for this vitamin D—based drug in prostate cancer. 


We made a simple liposomal preparation of 1,25(OH)2D3 and 
1,25(OH)2D3-3-BE from cholesterol (1 ug), dimethylphosphotidyl 
choline (DMPC) (20 ug) and 1,25(OH)2D3 (1 ug) or 1,25(0H)2D3-3- 
BE (1 wg) by drying a chloroform solution in a stream of argon, 
rehydration with PBS (2.5 ml) followed by mixing by brief vortexing 
and sonication for 15 min. The milky solution was incubated at 50°C 
for 50 min and frozen at -77°C for 20 min. This heating and freezing 
cycle was repeated once, and the preparation was stored at 4°C for use 
in assays. These liposomal preparations were used in growth assays 
in DU-145 cells. 
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KJ Liposome control E&Y (1,25(OH),D;), 
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Results (Figure 13) show that growth inhibitory effect of liposomal 
1,25(OH))D3-3-BE (10°’M) is significantly stronger than naked 
1,25(OH)2D3-3-BE (Figure 13B). 10° M of liposomal and naked 
. i. 1,25(OH)2D3-3-BE almost killed all the cells, while an equivalent 

Figure 13: *H-Thymidine assays of DU-145 cells treated 6 : 

with naked or liposomal 1,25(OH),D, or 1,25(OH),D,-3-BE amount (10M) of liposomal and naked 1,25(OH)2D; had no effect on 

shia erie ada ca cell-growth (Figure 13A). These results make a strong case 
developing tumor-targeted, pH-sensitive stealth liposomes of 1,25(OH)2D3-3-BE for further development. 
Results of this study are delineated a recent publication [Liposomal 1,25-dihydroxyvitamin D3-3B-bromoacetate 
is a stronger growth-inhibiting agent than its un-encapsulated counterpart in prostate cancer cells. K. S. 
Persons, S. Hareesh, V. J. Eddy, R. Ray, Journal of Steroid and Hormonal Science (In Press, attached) |. 


: 107"M 10°°M 
EtOH control 1,25(OH).D,-3-BE 
Liposome control E2 (1,25(OH),D,-3-BE), 


Extending our studies with 1,25(OH),D;-3-BE beyond prostate cancer into other malignancies: 


1,25(OH)2D3 has shown promise in many cancers and other diseases. Therefore, we explored 
therapeutic potential of 1,25(OH)2D3-3-BE in other cancers, particularly pancreatic and kidney cancers, where 
therapeutic options are extremely limited. 


Screening of cancer cells, other than prostate cancer for anti-proliferative activity of 1,.25(OH).D3-3-BE 


A summary of these studies are given below. 


(1) 1,25(OH)2D3-3-BE strongly inhibited the growth of several cell-lines of pancreatic, renal, colon cancers, 
but not breast cancer. 1,25(OQH)2D3-3-BE was also found to be highly effective in leukemia cells. 
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(11) We have carried out extensive studies on the effect of 1,25(OH)2D3-3-BE on renal cancer, including in 
vivo studies in a mouse model of renal cancer. These results are included in a recent publication from our group 
[A vitamin D receptor-alkylating derivative of la, 25-dihydroxyvitamin D3 inhibits growth of human kidney 
cancer cells and suppresses tumor growth. J. R. Lambert, V. J. Eddy, C.D. Young, K.S. Persons, S. Sarkar, 

J.A. Kelly, E. Genova, M.S. Lucia, D.V. Faller, R. Ray. Cancer Prevention Research (In Press, attached)]. 


Gu) 1,25(OH)2D3-3-BE displayed strong activity in several pancreatic cancer cells. In addition 
1,25(OH)2D3-3-BE showed strong synergistic activity with AICAR (a metformin group of compound). These 
results are described in our recent publication [Anti-growth Effect of 1,25-Dihydroxyvitamin D3-3- 
bromoacetate Alone or in Combination with 5-Amino-imidazole-4-carboxamide-1-$-4-ribofuranoside in 
Pancreatic Cancer Cells. K.S. Persons, V.J. Eddy, S. Chadid, R. Deoliveira, A.K. Saha, R. Ray. Anticancer 
Research 30:1875-80, 2010] (attached). 


KEY RESEARCH ACCOMPLISHMENTS 


° Demonstrated strong growth-inhibitory activity of 1,25(OH)2D3-3-BE in cells from prostate, kidney, and 
pancreatic cancers. 


° Launched several mechanistic studies to evaluate the molecular pathway of action of 1,25(OH)2D3-3- 
BE. 
° Developed mouse models for androgen-sensitive prostate cancer and kidney cancer, and demonstrated 


strong anti-tumor activity of 1,25(OH)2D3-3-BE. 


° Showed strong synergistic activity of 1,25(OH)2D3-3-BE with AICAR (in pancreatic cancer cells), and 
sorefenib in kidney cancer cells (results not shown). 


° Demonstrated that 1,25(OH)2D3-3-BE can potentially be developed as a therapeutic agent for several 
cancers. 


REPORTABLE OUTCOME 

During the tenure of this grant our efforts with 1,25(QH)2D3-3-BE has generated ten (10) peer-reviewed 
publications (copies attached in the appendix), several abstracts (three attached in the appendix), one book 
chapter (copy attached in the appendix) and three invited lectures (included in the appendix). 


CONCLUSION 


Our effort for the past five years has established the groundwork for developing 1,25(OQH)2D3-3-BE, 
either alone or in combination with other chemotherapeutic agents for several cancers. 
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APPENDIX 


Meeting Abstract 1: 
IMPACT meeting, Atlanta, GA, September 5-8, 2007 
A NOVEL VITAMIN D COMPOUND FOR PROSTATE CANCER 


Rahul Ray; James Lambert (University of Colorado Health Science Center, Aurora, CO), Sibaji Sarkar, Kelly S. 
Persons. 


Numerous epidemiological studies have demonstrated the importance of dietary vitamin D in preventing 
various cancers, including prostate cancer. In addition, therapeutic potential of 1,25-dihydroxyvitamin D3 
(1,25(OH)2D3), the biologically active metabolite of vitamin D, and its analogs in cancer is well-documented. 
However, inherent calcemic toxicity of this hormone, particularly at therapeutic doses, has prevented its general 
use as an anticancer agent, and opening the door for the development of vitamin D analogs with potent 
antiproliferative activity and reduced systemic toxicity. 

Prostate cancer cells respond to 1,25(OH)2D3 by decreasing proliferation and enhancing differentiation. 
These cell-regulatory processes result from a strong and specific interaction between 1,25(OH)2D3 and vitamin 
D receptor (VDR) present in the nucleus of the tumor cells. With financial support from the Department of 
Defense Prostate Cancer Research Program, Fiscal Year 2005 Idea Development Award we have developed a 
novel derivative of 1,25(OH)2D3 [1,25-dihydroxyvitamin D3-3-bromoacetate, 1,25(QH)2D3-3-BE] that 
covalently attaches 1,25(OH)2D3 inside the ligand-binding pocket of VDR. We hyothesized that covalent 
attachment of 1,25(OH)2D3 (via 1,25(OH)2D3-3-BE) inside the VDR-binding pocket will not allow the catabolic 
enzymes to degrade 1,25(OQH)2D3, and effectively increase the potency of 1,25(OH)2D3. As a result lesser 
amount of 1,25(OH)2D3—3-BE will be required for tumor-reduction with diminished toxicity. 

In vitro assays of 1,25(OH)2D3-3-BE demonstrated that this compound has strong growth-inhibitory 
property in several hormone-sensitive and hormone-insensitive prostate cancer cells (LNCaP, PC-3, DU-145, 
LAPC-4). This growth-inhibitory effect 1s considerably stronger than an equimolar amount of 1,25(OH)2D3. 
Furthermore, we observed that 1,25(OH)2D3-3-BE induces programmed cell death or apoptosis in these cells 
(contrary to 1,25(OH)2D3) as demonstrated by fragmentation of nuclear DNA and activation of pro-apoptotic 
caspases. Most importantly preliminary in vivo studies showed that 1,25(OH)2D3-3-BE strongly reduces 
androgen-refractory prostate tumor (DU-145) in a mouse xenograft model without causing significant toxicity. 
These results demonstrate strong therapeutic potential of 1,25(OH)2D3-3-BE in prostate cancer. 

Aphios Corporation, Woburn, MA has procured the exclusive right to use this compound in prostate 
cancer. They are in the process of making liposomal preparations of 1,25(OH)2D3-3-BE in anticipation of 
clinical trial. Furthermore, 1,25(OH)2D3-3-BE 
has shown very strong promise in pancreatic, renal and bladder cancers. 

In summary, we have used funds from DOD, PCRP to develop a vitamin D compound with strong 
therapeutic and commercial potential for prostate and other cancers. 

IMPACT: No therapy is currently available for prostate cancer, localized or metastasized that fail to 
respond to androgen therapy. Our results demsonstrtate that 1,25(OQH)2D3-3-BE, a derivative of 1,25(OH)2D3, 
has a strong therapeutic potential in such malignancies. 


Meeting Abstract 2: 


Nano Science and Technology Institute, Annual meeting, Santa Clara, CA, May 20-24, 2007. 
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Nanosomal formulation of a vitamin D receptor alkylating compound for prostate cancer. Rahul Ray’, 
and Trevor Castor’. ‘Boston University School of Medicine, Boston, MA 02118, 617-638-8199, FAX 617-638- 
8194, bapi@bu.edu, and *Aphios Corporation, Woburn, MA 01801, 781-932-6933, FAX 781-932-6865, 
tcastor@aphios.com (Cancer Ligands) 

Prostate cancer is the second leading cause of cancer death in men in the US. The mainstay of 
chemotherapy includes androgen-deprivation. However, no therapy is currently available for prostate cancer, 
localized or metastasized that fail to respond to androgen therapy. In addition to androgens, prostate cancer 
cells respond to 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) by decreasing proliferation and enhancing 
differentiation. Furthermore, most cancer cells contain nuclear vitamin D receptor (VDR) that is responsible for 
the biological actions of 1,25(OH)2D3. However, use of 1,25(OH)2D3 has been seriously limited by risk of 
hypercalcemia and hypercalciuria at pharmacological doses. 

Interaction between 1,25(OH)2D3 and VDR is an equilibrium process. Therefore, in the steady state a 
finite amount of free 1,25(OH)2D3 (not bound to VDR) is always present in the equilibrium mixture, which 
undergoes rapid catabolic degradation. From a therapeutic standpoint such catabolic degradation is met 
clinically with high doses that cause toxicity. Therefore, if catabolic degradation of 1,25(OH)2D3 is reduced or 
eliminated its therapeutic potency can be enhanced significantly. 

1a,25-Dihydroxy vitamin D3-3-bromoacetate (1,25(OH)2D3—3-BE) is a derivative of 1,25(OH)2D3 
which reacts specifically with a single Cysteine residue in the ligand binding pocket of VDR. We argued that, 
1,25(OH)2D3-3-BE, once covalently linked to VDR, cannot exit the binding pocket; making it an irreversible 
process. Furthermore, 1,25(OQH)2D3-—3-BE, covalently linked inside VDR binding pocket is prevented from 
interacting with catabolic enzymes. We hypothesized that such a process will increase the effective 
concentration of 1,25(OH)2D3; and lesser amount of 1,25(OH)2D3—3-BE will be required for tumor-reduction 
with diminished toxicity. 

In vitro tests of 1,25(QOH)2D3-3-BE demonstrated that this compound has strong growth-inhibitory and 
apoptosis-inducing properties in several hormone-sensitive and hormone-insensitive prostate cancer cells 
(LNCaP, PC-3, DU-145). This growth-inhibitory effect was significantly stronger than an equimolar amount of 
1,25(OH)2D3. Furthermore, 1,25(QH)2D3-3-BE induces apoptosis in these cells contrary to 1,25(OH)2D3. 
Additionally, preliminary in vivo studies showed that 1,25(OH)2D3-3-BE is of low-toxicity, and it strongly 
reduces androgen-refractory prostate tumor (DU-145) in a mouse xenograft model. On a molar basis 
1,25(OH)2D3-3-BE is approximately six (6) times stronger than 1,25(OH)2D3 in reducing tumor-size. It is also 
significantly less toxic than an equimolar amount of 1,25(OH)2D3. Therefore, 1,25(QH)2D3-3-BE has a strong 
therapeutic potential in prostate cancer. 

Phospholipid nanosomes are small, uniform liposomes that are made up of biocompatible phospholipids 
and cholesterol; and they are designed to encapsulate vitamin D drugs in the lipid-bilayer of the nansomes. 
Nanosomal formulation of 1,25(OQH)2D3-3-BE 1s designed to further reduce systemic toxicity, increase 
circulatory half-life and efficacy resulting in an improved therapeutic index for this vitamin D—based drug in 
prostate cancer. 

In summary, novelty of our approach is development of a derivative of 1,25(OH)2D3 (1,25(OH)2D3-3- 
BE) to kinetically engage VDR to increase the half-life of 1,25(OH)2D3, and increase its potency, Nansomal 
formulation will further increase its circulatory half-life and efficacy, and decrease toxicity. 


Meeting Abstract 3: 

Fourteenth Brown University Symposium on vitamin D, Providence, RI, June 22-23, 2007 

Abstract: 

Harnessing the pharmacodynamic properties of vitamin D analogs: an old wine in a new bottle. Rahul 


Ray, Ph.D., Boston University School of Medicine, Boston, MA 
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Therapeutic potential of 1,25(QOH)2D3-analogs depends on their pharmacodynamic/ pharmacokinetic properties 
including bioavailability and catabolic potential. Affinity labeling analogs of 1,25(OQH)2Ds3, that alkylate the 
ligand binding pocket of vitamin D receptor (VDR) can potentially avoid catabolism with the resultant effect of 
higher pharmacological efficacy at lower doses. 1,25-Dihydroxyvitamin D3-3-bromoacetate [1,25(OH)2D3-3- 
BE], a VDR-affinity alkylating analog of 1,25(OQH)2D3 displays significantly stronger growth-inhibitory effect 
than the parent hormone in prostate (androgen-sensitive and androgen-insensitive), kidney, pancreas and 
bladder cancer cells, but not in breast, colon and lung cancer cells. 1,25(OQH)2D3-3-BE also shows strong tumor 
inhibition in a mouse xenograft model of androgen-insensitive prostate cancer. Probable mechanism of action 
of this VDR-alkylating analog will be discussed. 


Meeting Abstract 4: 


13" World Congress on Advances in Oncology, and 11" International Symposium on Molecular 
Medicine.October 9-11, 2008, Crete, Greece. 


NUCLEAR TRANSCRIPTIONAL FACTORS AS MOLECULAR TARGETS FOR DRUG- 
DISCOVERY AND DELIVERY 
Rahul Ray, Ph. D., Department of Medicine, Boston University School of Medicine, Boston, Massachusetts, 
USA 

Nuclear vitamin D receptor (VDR) and estrogen receptor (ER) are ligand-activated transcriptional 
factors for 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) and estrogen (E2) respectively; and are key players in 
manifesting antiproliferative (for 1,25(QH)2D3) and proliferative (for E2) properties of these ligands in cancer 
cells. VDR 1s our target for developing potential therapeutic agents for cancer. We have developed 1,25- 
dihydroxyvitamin D3-3-bromoacetate (1,25(OQH)2D3-3-BE), a derivative of 1,25(OH)2D3 that affinity alkylates 
the ligand-binding pocket of VDR in target cells, thereby activating the transcriptional machinery, but 
eliminating/reducing its own catabolic degradation. Thus, we hypothesize that enhanced pharmacokinetic 
property of 1,25(OH)2D3-3-BE might increase its antiproliferative property in cancer cells. We observed that 
1,25(OH)2D3-3-BE strongly inhibits the growth of prostate (androgen-sensitive and androgen-insensitive), 
kidney, pancreas and bladder cancer cells. Mechanism of growth-inhibition (by 1,25(OQH)2D3-3-BE) includes 
cell cycle arrest, apoptosis and autophagy. In addition, 1,25(OH)2D3-3-BE down-regulates the message for 
la,25-dihydroxyvitamin D3-24-hydroxylase (CYP24) gene attesting to its decreased catabolism as predicted by 
our hypothesis. Furthermore, 1,25(QH)2D3-3-BE strongly reduced androgen-insensitive prostate tumor growth 
in a mouse xenograft model. Therefore, 1,25(QH)2D3-3-BE has a strong therapeutic potential in several 
malignancies. On the other hand, we have targeted ER in ER-positive breast cancer cells for the selective 
delivery of a phototoxin (porphyrin) which can be activated (for cytotoxicity) by treatment with visible light. 
We have demonstrated that synthetic conjugates of estrogen and tamoxifen with a porphyrin are selectively 
taken up by ER-positive, but not by ER-negative breast cancer cells. Furthermore, highly selective and efficient 
cell-kill can be achieved only in ER-positive breast cancer cells with these conjugates upon exposure to red 
light. Therefore, this combination approach, including phototoxin conjugates of estrogen or anti-estrogen and a 
treatment-modality can potentially be applied clinically for hormone-sensitive cancers in organs where ER is 
significantly expressed. In summary, our studies have demonstrated that molecular targeting of transcriptional 
factors has significant benefits in drug development, delivery and therapy. 


Invited Lectures: 
Indian Institute of Chemical Biology, Kolkata, India, May 24, 2007 


Title: Group specific component: a protein that wears multiple hats 
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University of Calcutta, Kolkata, India, Department of Biotechnology, April 28, 2008 


Title: Signal transduction via nuclear receptors: biochemistry, structural biology and therapeutic targets. 


Chittaranjan National Cancer Institute, Kolkata, India, July 8, 2009 


Title: Vitamin D and cancer: vitamin D-based therapeutic agents for cancer. 


Peer-reviewed publications (2004-2010) 


¢ Swamy, N., Chen, T.C., Peleg, S., Dhawan, P., Christakos, S., Stewart, L.V., Weigel, N.L., Mehta, R.G., 
Holick, M.F., Ray, R. Inhibition of proliferation and induction of apoptosis by 25-hydrox yvitamin D,-3 


bromoacetate in prostate cancer cells. Clmical Cancer Research 10:8018-8027 (2004). 
¢ Swamy, N., Purohit, A., Fernandez-Gacio, A., Jones, G.B., Ray, R. Nuclear Estrogen Receptor Targeted 
photodynamic therapy: Selective uptake and killing of MCF-7 breast cancer cells by a C __-alkynylestradiol- 


porphyrin conjugate. Journal of Cellular Biochemistry 99:966-977 (2006). 

¢ Fernandez-Gacio, A,., Fernandez-Marcos, C, Swamy, N, Dunne, D, Ray, R. Photodynamic cell-kill analysis of 
breast tumor cells with a tamoxifen-pyropheophorbide conjugate. Journal of Cellular Biochemistry 99:665- 
670 (2006). 

¢ Lambert, J.L., Young, C.D., Persons, K.S., Ray, R. Mechanistic and pharmacodynamic studies of a 25- 
hydroxyvitamin D, derivative in prostate cancer cells. Biochemical & Biophysical Research Communications 


361:189-195 (2007). 
Ray, A., Swamy, N., Ray, R. Cross-talk among structural domains of human DBP upon binding 25- 
hydroxyviatmin D.. Biochemical & Biophysical Research Communications 365:746-750 (2008). 


Swamy, N., Ray, R. Fatty acid binding site environments of serum vitamin D-binding protein and albumin are 
different. Bioorganic Chemistry 36:165-168 (2008). 


¢ Kaya, T., Swamy, N., Persons, K.S., Ray, S., Mohr, S.C., Ray, R. Covalent labeling of nuclear vitamin D 
receptor with affinity labeling reagents containing a cross-linking probe at three different positions of the parent 
ligand: structural and biochemical implications. Bioorganic Chemistry 37:57-63 (2009). 


¢ Persons, K.S., Eddy, V.J., Chadid, S., Deoliveira, R., Saha, A.K., Ray, R. Anti-growth effect of 1,25- 
dihydroxyvitamin D3-3-bromoacetate alone or in combination with 5-amino-imidazole-4-caroxamide-1-B-4- 
ribofuranoside in pancreatic cancer cells. Anticancer Research 30: 1875-1880 (2010). 


¢ Lambert, J.R., Eddy, V.J., Young, C.D., Persons, K.S., Sarkar, S., Kelly, J.A., Genova, E., Lucia, M.S., 
Faller, D.V., Ray, R. A vitamin D receptor-alkylating derivative of 1a,25-dihydroxyvitamin D3 inhibits growth 
of human kidney cancer cells and suppresses tumor-growth. Cancer Prevention Research (/n Press) 


¢ Persons K.S., Hareesh, S., Eddy, V.J., Ray, R. Liposomal 1,25-dihydroxyvitamin D3-3B-bromoacetate is a 
stronger growth-inhibiting agent than its un-encapsulated counterpart in prostate cancer cells. Journal of 
Steroids and Hormonal Science (/n Press). 
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bonally develop therapeutically important vitamen D analogs for a 
broad range of diseases, inching cancer. 

The 2S-hydraxy vitamin D, (25-O04-D,) ibe metabolic pre- 
cursor Of 125008 D,. has a sipaificantly reduced VWDR-hind- 
iog offmity. As a result, 25-OH-D, ts oof coosidered to be 
iolopscally active. Additionally, it is nontoaic [serum concen 
tration of 25-0H-D, is 40 to 100 nem vers & to 10 perm 
for 1.25¢08)D,]|. We bypothesined that if 25-0H-D, could be 
covalently attached to ihe hormone-binding pocket of ape VDR, 
it might be possible to convert the latter into iemscniptionally 
active Aaio-form. Thies would make 25-OH-D, biologically ac- 
tre. Porthermore, tt might be possible io transiate the nontoxic 
nature of 25-OH-D, into its VWOR-alkyisting analog. Recently, 
we Showed that J-hydroxyrtamia D,-3¢-(2+hromoacetic 
(25-0H-D,-3-BE), a denvative of 25-OH-D,, specifically alky- 
lated the hormone-binding pocket of VDR (12) Therefore, 
25-0H-D,-7-BE became on ideal condedaiz to validale our 
hypothesis. 

In the present stedy. we investigabed the effect of 25-OH- 
D,-3-BE in a set of oormal and malignant cell lines amd ob- 
served that antiprolifersive property of 25-0H-D,-3-BE was. 
most pronounced in prosinte cancer cells, In addition, we ob- 
served that 25-OH-D,-2-BE caused apoptosis mn prosiaie cancer 
cells: an observation suppoted by DNA. fraomentaiion and 
coepise-achiveiion studies. Mechanistic studies showed that the 
effects of 25-OH-D,-3-BE were mediaiad by VOR. Moreover in 
a CD] mouse model, tt was observed that 75-OH- D,-3-BE did 
not rise senum calcium bevond conbrol at doses sotiaidicees! bo 
be highly toxic for |1240H1,D, ood many of it syoibetic 
amilogs. Results of these studies and their implications ore 
discussed in Gis communication, 


The 23-OH-D,-2-BE was synthesized according to cur 
published procedure (13). The majonty of the chemicals were 
porchased from Sigma-Akinich (Si. Lows, MO) woiess men 
boned otherwise. The hVWDOR expression vector pAVAVDOR was 
a genmennas. oft from Dr. Wesley Pike (University of Wisconsin, 
Madison, Wi. AQ of the cell lines were obiaened from Amer- 
ican Type Culture Collection (Manassas, VA), except LAPC4 

cells that were obtained from the laboratory of Charles Sawyers. 
(Department of Medicine, University of Calsomia at Los An 
peles, Los Angeles, CA). 

Male (CD-] mice 6 bo & weeks old. overnge weight 30 2 
were purchased fram The Jackson Laborbtory (Bar Harbor, 
ME). They were boused in capes of five (5) in a prop and were 
fed rat chow and water ad lib. Animal expenment wos cared 
cal in the anmmal facility of Boston University School of Med- 
icing with simct adbereece to the guidelines of Laboratory 
Aoimal Safety Commitee. Seram calcom values in blood sam- 
ples were delermined af the Come Chemistry Laboraiory of 
Boston University Medical Center. 

Cell Colture. PY-HPY-7 cells were srown in MCDE 
matin comiunine petuitary exicact, epedermal erowth facbor, and. 
1S peoicillin'strepiomycin. Recatinocytes were also groan in 
the same media with additional AG! and insulin. AC-3, LNCaP, 
and DU-145 cells were aown m RPM] containing 10% fetal 
bowine senum (FAS) ond antibiotics. MCF-T cells were erown in 
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DMEM containing 10% FERS and antibsotics. LAPC-4 cells 
wer manined in MEM containing antibiotics including |% 
L-thitamine am [0 mmol/L of RISE], a synthebe progestin 
MC3T? cells were crown mm oMEM containing [0% FES ond 
anhibiobes. In gener, cells were groan in 35-oum dishes io 70 
to S0%: confluence and iben plated into J4-well plates in respec- 
tive medio. After the cells grew to ~ 70% confluence, they were 
serm-stirved for 20 hows (AC-3, LNCaP, ond D-145 cells) 
followed by incubation with steroid samples. Keratinacvies an 
P7-HPY-7 cells, after reaching 70% confluence, were kept in 
MCDB madia aiihowt additives for 3) hours before treatment 
with steroids. In general, reagents were dissolved in EIOH, and 
dilutton wih the media was adjusted in such a way that con 
ceniraiion of EROH was 0.0% yity. 

In 5 separaie expenment (cell combing), LARC-4, LNCaP. 
MCF- 7, and MC3STS cells were srown to desired confluence and 
treabead wiih the reagents (without serum starvation! for 24 hours 
(LNCaP, MCST3, and LAPC-4) or 48 hour (MCE-7) with 
EtOH vehicle or 25-OH-D,-3-BE (10~* mol/L) of 1 24OH)D, 
C207" qvol/L). At the end of the experiment. cells were detached 
with trypsmn-EDTA and counied in a Coulter counter 

Rerinocytes, procured from peonatal foreskin afer ower- 
nich trypsinization af 4°C aod treatment with 0.2% EDTA, 
were grown in culture with a movkficatson of the published 
method (14). The 373 cells were plated at 10* cells/33mm 
tissue-colte dish and were inradtoled lethally afer 2 days with 
a “Co somrce (5.000 rads). Keratinocytes, in | mi senumfiee 
maim were plated on lethally inadiated 373 cells. Wheo 
these cells reached ~ 70% confluence, they were Plated Onin 
Z4-well plates. Each expenment was done on primary of 
secondary kerlinocye cultures obtained from different skin 
Same lies. 

The PH]Thymidine Incorporation Assay. In a typical 
assay. cells were onvan to a) to 70% conflgence in 24-well 
plaies in respective media contamning 10% PRS, aod senem 
starved for 20 hours, followed by ireatment with various apends 
(in O=.1% ethanolic solution) or EPOH (vehicle) in senim-con- 
tine medium for 14 to IE bows. After the treabment, media 
was removed from the wells and replaced with media containing 
PHEbymiding (0.10) per well, and the cells were incubated 
for 3 howrs at 37°C. After this period, media was removed by 
sepiration, and the cells were washed thoraghly (2 = O45 mL) 
with PES. Then ice-cold 4% perchlonec acid solution (0.4 mL) 
wos atiied to each well, and ihe cells were incubated on ice for 
30 minutes. After this incubation, perchlone acid was removed 
by aspiration, replaced with 0.5 mL of fresh perchlonc acid 
sOluiion, md the cells were incubated at 70°C for 20 minutes. 
Solution from each well was mined with scintillation Mud and 
counted in a scintillation counter. 

Mioponity of these assays were canned out in six (6) mepli- 
caies with [0-* mol/L of reapents. In the dose fesponse study. 
PC-3 cells were incubaied with EtOH of 10-* to 10-* mol/L of 
25-OH-D,-7+-BE o 1 25°0H),D, for 18 hour followed by 
PHhiymidine inconporation assay described above. 

The 3-(4.3-Dimethy ithiasol-2-¥1\-3-( +carborymethoxy- 
pheny!i-2-(4-sulfopheny|)-2H-tetrazolium (MTS) Cell Via- 
bility Assay. LNCaP, PC-3, and DUIS cells were plated in 
O6-well plates (7 S00 cells per well), grown overdcht in DMEM 
(anh lO PBS and antbootecs), ond seram deprived for 24 
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hours. The cells were then treated with either EtOH or 
1.25(0H),D, (10-" mol/L) of 25-OH-D,-2-BE (10-* moll) 
for 1 boars in complete media Cell viability was measured 
with the CellTiter 96 Atjweous Assay (Promega, Madison, WT). 
This assay used the tetmaciiam compound (MTS, inner salt) and 
ibe electron-coupling reagent, phenmatine methosulfate (15). 
This assay measured dehydropensse encyme activity found in 
metabolically active cells, whach reduced MTS into soluble and 
colored forma product, absorbance of which was measured 
at 400 nm. Because the prodwction of formacan was propor- 
tomal to the number of living cells, absorbance was a measure 
af cell-viabality. 

DNA-Fragmentation Amalysis. PC-3 cells (2 « [0% 
were tbrealed with 025 « [0-* mol/L of 1240H)D,, 25-0H- 
D.,. or 2540H-D-32-BE for 10 bows. Then the ceils were bor- 
vested and lyeed in OS mi. of bysis buffer [20 mmol/L Tris-HCl, 
LO mm. EDTA, 0. Triton 3-100) (oH BO}, aid DNA wos 
extmcted with phenol-chloroform procedure. The extracted 
DAA wos nesuspended in 0.1 mi. of 20 mmol/L Tris-HCl ipl 
S) and treated with RNase, followed by electrophoresis on a 
12% agarose pel in TARE buffer. DNA bands were visualized 
onder UY light after ethidinmim bromide stainime. 

Caspase Activity. Cospase-3, -f, and -9 assays were 
done with Caspase colorimetric assay kil from RAD Systeme 
(Minneapolis, MN) according to the manufacturers imnsinac- 
tions. Briefly, PC3 cells (1 =~ 10") were treated with 0.01 x 
LO—* met, of 125(0H)D,. 25-0H-D,. or 25-OH-D,-3-BE for 
14 boars in culture medium (DMEM, 10% FHS, and anisheot- 
ics). The cells were collected by ceotrifeation at | 000 rpm for 
45 mioutes. The cell pellet was lysed with bysis buffer, and the 
lyeaie was mcobated on ice for 10 minutes and centrifuged at 
10,000 quam for S mioutes. Protein was estimated with Hradford 
protein estimation ket (Bio-Rad Laboratories, Hercules, CA). 
The enzymatic reactions were comed out in a 96-well plate. For 
each reaction, 100 po lysate prodem in 40 wl total volume was 
incubated with 50 pl. of 2 = reaction boffer and 5 pl. of 
copmise 3 caspase §. or caspase 9 colonmetmc substrales for 2 
hours af 27°C. The sheorhence was detenmined af 405 nm 


Induction of l.25-Dihvdroxy vitamin 2,-24-Hydrovy ase 
(4-0 Hase) Promoter Activity by 25-0H-D, -2-RE and 
1.25;0H),D, in COS-7 Cells 

Cell Transfections. Promoter construct: containing the 
rot 24-OHase promoter (—] 367/+ 74) linked to the chlorom- 
poenicol acetyitransferse (CAT) reporter gene were used for 
ibe expenment COS-7 celis that were transfected with the 
hVDR expressson vector pAVhVDR. All of the transfections 
were dope with tbe calcium phosphoie DNA precipitabon 
method. The COS-7 cells were seeded with | = 10° cells/I00 
mor tissue culture plie in DMEM supplemented with 10% 
FES and [% penicillin/streptomycin and allowed to prow for 18 
to 20 hows of to 70 to BO confluency. The DNA ip be 
tmnsfected was EVOH-precipiiatied. For each piste to be trons- 
fected, 450 wl of senile GdH,0 and 30 pl of 25 mol CaCl, 
were added to the DNA pellet. This mixture was then added to 
S00 pl. of 2 = HEPES boffer per sample dropwise while 
mixing. After the two soluiions were combined, the resulting 
mixture was vortexed and allowed to sit of room temperature for 
20 minutes & allow the DNA & precipsiniz. Finally, the DMA 


precipiiate was maxed thoroaghly, and | mi. aliquots were 
giiied to each plate. Sixteen bowrs post transfection, cells were 
“shocked” for | minuvies aih PRS contaming 10% dimethyl- 
BUlfoxeie, washed with PRS, aod the DMEM supplemented ath 
2% of charcoal dextron-ireated FAS was added io each plate. 
The cells were then treated with vanous doses of | 240OH),D, 
or 25 OH-D,-+-BE for 24 hours. 

CAT Assay. Treated cells were harvested by inppsimica- 
tion for about 2 minules at 37°C, pelleted, washed with PRS, 
resuspended in 0.25 mol/L Tris-HCl (pH 8.0), and lysed by 
freezing and thawing five (4) mes. Cellular extracts were 
collected and used for CAT assays. 

CAT analysis was done by standard profacols on the cell! 
fiecis moonliced to total proiem content Fifty macroditers 
gigquats of cellular extracts contuning equal amounts of protein 
wer combined with 25 pl. of | mol/L Tris-HCl (pH #0), 33 pL 
of dgH,0, 20 pl. of 4 mmol acetyl CoA, 2 pl of “C 
chloramphenicol (50 mCiimmol; Siem, St Lous, MO), and 
0.25 mmol/L Trs-HC! (pH §.0) to 9 final volame of 150 pl 
The reactions were comead ot at 37°C for about 2 hours and 
stopped by siding | mi. of ethyl acetate and vortexing. The 
aumples were ceobrifueed at 14.000 rom af 4°C for 10 minutes, 
and the upper ethyl acetate layer was removed to a microcen- 
infoge tube and dined under vacuum for 45 minutes. The sam- 
ples were resuspended mn 24 pe ee eeinyt acetate a seed Oe 
a TLC plate. Chromatoeraphy was done in o ¥ 
chamber containing 100 mi. of chlocoform-methanol (95-5) for 
40 minutes. The plate was dined and exposed to Kuxdlak autor- 
dicgraphic film. The resulting autormdiogram was anlyred by 
denstiometnic sconmine with the Shimaima CS9O0O0U Dual- 
wavelength Flying Spot Scanner (Shimadzu Scientific Insire- 
ments, Pioceton, NJ) 

Pull Down Assays to Determine the Interaction of VOR 
with Retinoid X% Receptor (RXR) and GRIP-1 in the Pres- 
ence of 125;0H),D, or 2-0OH-D,-3-BE in PC-3 Cells. In 
this assay. AC-3 cells were incubated for either | or 24 bours 
mith the indicated concentrtions of | 264OHID, of 35-OH- 
D,-3-BE, and then the cells were scraped, homogenized, and 
whole-tell extracts wer prepared in NETND boffer [100 
mm. NaCl, | mmol/L EDTA, 20 mmol/L. Tris-HCl (pH 78), 
0.2% NEYO aad | mmol’. dithothretol) containing 0.2 mol/L 
KCL Then, 5 pe of punised glutathione S-tromsferae (GST) 
fasion proizin (GST-GRIP of GST-RXR), and 20 pl of lots 
thione-Sepharcse beads were added, and the volume was 
bromeht wp to 100 pl. with the same buffer. These mixtures were 
incubated for |] or 24 hours af 42°C, ond the beads were aoshed 
Simes with 0.2 mL of NETND buffer. The bound proteins were 
Bluted from the packed beads by boiling in Laemmli beffer for 
4 mingles and were onalyred by SDS-PAGE Detechon of 
“bound-VDR" was done afier SDS-PAGE by Westen blots 
git VOR antibodies (Amity Biokesgents, Golden CO). 

Delermination of Systemic Toxicity (Calcemia) of 25- 
OH-D),-3-BE in CD-1 Mice. Three doses of 25-0H-D,-3-BE 
(3.4, 33, of 166.7 poke) and two doses (3.4 of 33 pete) of 
240H-D, were prepared mm 0.2 mL. of saline-ErQH (0.0%) by 
diluting elhanolic solutions of the sizroids with saline in such 
way that the concentration of ErOH was 0.7% in the solution 
These sampers of saline-ErOH (0.1%) vehicle combrol (0.2 mL) 

admanisizred to the animals (in grape of five) intrapen- 
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hours. The cells were then treated with either EtOH or 
1.25(0H)D, (10-* moll) or 25-OH-D,-2-BE (10-* mobi) 
for 18 in complete media Cell viahility was measured 
with the CellTiter 96 AQweous Assay (Promega, Madison, WT). 
This assay used the tetroliam compound (MTS, inmer salt) amd 
the electron-coupling reagent, phenarine methoculfate (15). 
This. assay measured debydropenase emryme activity found in 
metabolically active cells, whach reduced MTS into soluble and 
colored formazan product, absorbance of which was measured 
at 400 nm. Because the prodection of formacan wos propor- 
tonal to the number of living cells, absorbance wos a measure 
af cell-ynability. 

DNA-Fragmentation Amalysis. PC-3 cells (2 = 10% 
were treated with 0.25 = [O-* mol/L of 1,25(0Hi,D,, 25-0H 
D,. or 240H-D,-3-HE for 10 hows. Then the ceils were haor- 
vested aad Iyeed in OS mL of lysis buffer [20 mmol/L. Tris-HCI, 
10 mmol/L EDTA, 0.3% Trion 3-100 (pH £00), and DSA was 
extricted with phenol-chloroform procedure. The extracted 
DNA wos resuspended in 0.) ml of 20 mmol’. Tns-HCl ipH 
Sh ond treated with RNase, followed by electrophoresis on a 
12% agarose gel in TARE buffer. DNA bonds were visualized 
under UY hight after ethidinmm bromide sisinne. 

Caspase Activity. Caspase-3. -£, and -9 assays were 
done with Caspase colorimetric assay kit from RAD Systems 
(Minneapolis, MIN) accormling to the manufacturer's imsinac- 
lions. Briefly, PC3 cells (1 » 10°) were treated with 0.01 x 
10-* mo of 125(0H)D,, 25-OH-D,, or 25-OH-D,-2-BE for 
14 bows in cultere medium (DMEM, 10% FES, and onmisheod- 
ics). The cells were collected by centrifugation ot | 000 pom for 
4 minutes. The cell pellet was lysed with lysis. buffer, and the 
lveaie was incubated on ice for 10 minutes and centnifuged al 
10,000 qm for 3 minutes. Proteio was estimated with Bradford 
protein estimation kit (Hio-Rad Laborntores, Hercules, CA). 
The eozymabc reactions were camed out io a 96-well plate. For 
each reaction, 100) po lysate prodzan in 50 wl total volume was 
incwhabed with 50 pl. of 2 = neachon buaffer and 5 pl. of 
coapise 3, caspase 8, or caspase 9 colonmetmc substrates for 2 
hows at 379°C. The sheorhance was detemmined af 405 nm. 


Induction of le.25-Dihvdroxy vitamin [).,-24-Hydroxviase 
(4-0)Hase) Promoter Activity by 25-O8-D,-2-BE and 
1.25(0H),D, in COS-7 Cells 

Cell Transfections. Promoter constrict: containing the 
rat 24-OHase promofer (—] 367/+ 74) linked to the chlorom- 
phenicol acetyliransferase (CAT) reporter gene were used for 
ihe expenment COS-7 cells that were trnsfected with the 
hVDR expression vector pAVHVDE. All of the transfections 
were dooe with the calcium phoephaie DNA precipitabon 
method. The COS-7 cells were seeded with | = 10° cells/100 
mm tissue culture plate in DMEM sepplemented with 11% 
FES aod 1% penicillia’/streptomycin and allowed io grow for [3 
to 20 bows of to 70 to BS confluency. The DNA io be 
imnasfected was EtOH-precepiiaiad. For each piste to be trons- 
fected, 450 pL of stande ddH,0 and 30 pl. of 2.5 mol'L CaCl, 
were added to the DMA pellet This mixtire was then added to 
500 pl. of 2 = HEPES boffer per sample dropwise while 
mins. After the peo solutions wer combened, the resulting 
mixture was vortexed and allowed bo sit af room tempeniure for 
20 mingles to allow the DNA to precepsiaiz. Finally, the DMA 


precipiite was mixed thoroughly, and | ml. aliquot were 
Sided it each plate. Sixteen hours post transfection, cells were 
“shocked” for | minutes with PBS contaming 10% dimethyl- 
sulfoxide, washed with PES, and the DMEM supplemented with 
2% of charcoal dextran-ireated FERS was added ip each phi. 
The cel were then treated with vanous doses of | 2(0Hi,D, 
of 25 OH-D,-32-BE for 24 hours. 

CAT Assay. Treated cells were harvested by irppsiniza- 
tion for about 2 manutes at 37°C, pelletad, washed with PBS. 
resuspended in 0.25 mol’L Tris-HCl (pH 8.0), and lveed by 
freezing and thawine five (5) times. Cellular extracts were 
collected and used for CAT assays. 

CAT analysis wae done by standard proiocols on the cell 
etiacts normalized to total proigm content. Fifty maicrofiters 
aliqeots of cellular extracts containing equal amownts of protein 
were combined with 25 ol of | mol/L Tris-HCl (pH £0), 53 pl 
of ddH,0, 20 pl of 4 mmol scetyl CoA, 2 pl of “C 
chloramphenicol! (50 mime: Sema, St Lowes, MO), and 
0.25 mmol/L Tos-HC) (pH $.0) to 9 final volume of 130 pl. 
‘The reactions were camed out at 37°C for about 2 hours and 
stopped by aiding | mi. of ethyl scetaie and vortexing. The 
samples were ceolifaced at 14.000 rom af 4°C for 10 minutes, 
and the upper eibyl aceite layer was remved to 2 muicrocen- 
tnifuee tube and dined under vacuum for 45 minutes. The sam- 
Oles were resuspended an 25 wl of ethyl acetate and spotied on 
a TLC plate. Chromateeraphy was done in a chromatosraphy 
chamber containing 100 mL. of chlocoform-methaool (95-5) for 
40 manutes. The plate was doad and exposed to Kuodak autor- 
dicgraphic film. The resulting sutormdiogtam was analyned by 
denssiometnic scamming wiih the Shamoaim CS9OO0U Dual- 
wavelengih Flying Spot Scanner (Shimada Scientific Insir- 
ments. Proceton, NJ). 

Pull Down Assays to Determine the Interaction of VOR 
with Retinoid X Receptor (RX) and GRIP-1 in the Pres- 
ence of 125;0H),D, or 23-OH-D,-2-BE in PC-3 Cells. In 
this assay, PC-3 cells were incubated for either | of 24 hours 
with the indicafad concentrations of 125)0H1,D, or 25-OH- 
D,-3-BE, and then the cells were scraped, homogenized, and 
whole-cell extracts wer prepared in NETND boffer [100 
mmo'L. NoCl | mmolfL EDTA, 20 mmol/L Tris-HCl] (pH 7.8), 
0.2% NRO, aad | mmol. dithothretal) comtnming 0.3 mol/L 
KCL Then, 5 po of punted alutsthione S-troosfersse (GST) 
fusion proiein (GST4ORIP of GST-R&AR}, and 20 pl of eluta- 
thione-Sepharcee beads were added, and the volume was 
broweht oto 100 all. with the same buffer. These mixtures were 
rcubated for | or 24 bows af 42°C, ond the beads were washed 
4 tomes with 0.2 mL of NETND buffer. The bound proteins were 
eluted from the packed beads by boiling in Laemmli baffer for 
4 mines and were onalyred by SDS-PAGE. Detection of 
“hownd-VDR™ was done after SD5-PAGE by Westem blots 
with VDE sotibodies (Affinity Biokeagents. Golden CO). 

Determination of Systemic Toxicity (Caleemia) of 25- 
OH-D.,-+-BE in CD-1 Mice. Three doses of 25-OH-D,-3-BE 
(3.3, 33, of 166.7 poke) and two doses (4.5 of 33 peke) of 
S-OH-D, were prepared in 0.2 mi of soline-EtOH (0.1%) ty 
diluting ethancic sobutions of the sieroids with saline in such 
way that the concentration of ErOH was 0.1 in the solution 
These sampées or saline-ErOH (0.1%) vehicle control (0.2 mL) 
were gdmenisiered to the animals (in groups of five) iotepen- 
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ioneally over a period of 12 days (injection on altemate dys). 
At the of the expenment the animals were linhily anesthe- 
timed, and blood was collected afler decapitation for serom 
colcium-onalysis. Body weights af the beginning and at the end 
of the experiment were recorded. 

Daia Analysis. Majority of the assays was camed aut in 
ihre to six replicates. Statistecal omalyses of the data were done 
with linear mpression analysis and one-way ANOVA followed 
by Fisher s protected least sienificant difference tests. Ps = 0.05 
wire considered statistically significant. 


RESULTS AND DISCUSSION 

The | 250H),0, aod many of its synthetic analogs enbibit 
the growih of malionant cells (16). However, translation of the 
cellular results into caer studies has been problematic becouse 
of acute toxicity of the hormone ond some of fs analogs. 
Therefore, a major effort hes been underway in desiening ano- 
jogs that would enher uvhebit cellular growth af physiologic 
conceniminons to aveed systemic toxicity or be nontoxic at 
supraphysialogic doses. 

VOR -heniins affinety is crucial m developing 125¢0H),D, 
winilasay: theca ‘ok ihe seccyiaticn: thal: iedecetines. tithes 
VDE and the analogs & pivotal in the penomic process (3, 4). 
Therfore, snaloes with relatively low VDR-bending affinaty 
have oot been considered to be of thermpeutic impornooce. For 
example, 25-0/H-D,. the metabolic precursor of | 2510H,D.,, 
has a poor VOMR-binding affinity [K, — l0-* to 10-* moll 
vers K, = 10-* to [0-" mow for 1,25(08)D,). Therefore, 
25-0H-D, and its denvatives have mot been studied signifi- 
cantly gs cundidates for dree-development 
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We bypothesinad that covalent linking of 75-OH-D, (via 
i denivalive/onalog) to the hormone-binding pocket of VDR 
might permanently lock VDR into its biobogically active Aolo- 
form. This way. biologically inactive 2-OH-D, oaght acqaiue 
sionifecum cell regulatory property. Furthermore, because of the 
rectenibon that caboemec property could be separated from cell 
reowlatory properties, ihe oontoxic property of 25-OH-D., might 
be translated into its derivalive. As o result, even supraphysi- 
olagic doses of this 25-OH-D), analog might be used to acheeve 
inhibetion of cell prowih without systemic toxicity in ao ia view 
a She. 

In a recent, study we showed that Io 24S-dihydroxy vitamin 
D,-3¢42 -hromoacetate [OH D,-3-BE], an affinity label- 
ing denvalive of 125(0H)D,. displayed strong antiprofifers- 
tive effect in several nonmal amd malionant cell lines with 
shromgest activity toward prostate cancer cells (17-21). Io the 
current study, we focused on a structurol 25-OH-D,-prototype 
of 1,2500H),D,-3-BE (ie, 25-OH-D,-2-HE). 

Growthiohibitory effect of |.2MOH LD, and its analogs is 
knoan bo vary among cell lines and even amone lines. from the 
same tissue. Hut, in general, strongest and predactable effect is 
observed at a [0-* mol/L concentration of the hor xe on its 
analogs (22) ARbough this concentration is conser 
ohysiologicaily inelevant, it prodeces optimal effect. We Weald 
pom y culture of oonmal human skin cells, ond several cell 
lines including LNCaP homan andropen-sensitive and PC-3 
human androsen-refractory prostate cancer cells, and F-HPY-7 
Imnmoridinad normal human prostate cells wih lO-* mol/L of 
12 0O8HLD, of 23-0OH-D,-3-BE to compare the rer seed 
tive property of the analog (25-O/H-D,-3-BE) with the hormone 
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8822 Inhibition and Induction in Prostate Cancer Cells 


Effect of various apents om the growth of normal and 
malignant cells is often determined by [*H}thymidine incorpo- 
ration assay. In this assay, increase or decrease in the incorpo 
rabon of [°H]thymsdine in the DNA of the growing cells by a 
reagent is used as an index of its profiferati liferative 
effect. As shown in Fig. 1, A-£, 10~* moU/L of 25-OH-D,-3-BE 
and 125(0H),D, inhibited the growth of all the cells with 
various efficiency. However, the effect of 25-OH-D,-3-BE was 
strongest in LNCaP and PC-3 prostate cancer ceils. For exam- 
ple. growth of LNCaP cells were inhibited by ~60% and 98% 
with | 24OH),D, and 25-OH-D,-3-BE, respectively (Fig. 1), 
whereas growth of PC-3 cells were retarded by 70% and 90% by 
1.25(0H),D, and 25-OH-D,-3-BE, respectively (Fig. LD). In 
contrast, growth of normal immortalized prostate cells (PZ- 
HPV-7 cells) were inhibited by ~ 50% and 65% by 10~* mol/L 
of 25-OH-D,-3-BE and 10~° mol/L of 1,25(0H),D,, respec- 
tively (Fig. 18). Growth inhibition by 25-OH-D,-3-BE was 
stronger than an equivalent amount of |.2OH),D, in kerati- 
nocytes (Fig. 1A). Furthermore, 10-° mol/L of 25-OH-D, 
showed marginal antiproliferative effect in PC-3 cells (Fig. 1B). 
We also observed that 10-* mol/L of 25-OH-D,-3}-BE was 
cytotoxic only to LNCaP and PC-3 cells, causing the cells to lift, 


In a cell counting assay, we observed that LNCaP and 
LAPC~ cells had sharply reduced number with 10~* mol/L of 
25-OH-D,-3-BE after 24 hours incubation (Fig. 2A), whereas 
MC3T3 cells were affected to a much lesser extent. and MCF-7 
cells (incubated for 48 hours) were not significantly affected. It 
should be noted that in this assay cells were not serum starved 
before addition of the reagents, and 10~* mol/L of 1 25(0H),D, 
had little effect in all of the cells. The 10-* moUL of 
1,.2%08H)D, was shown to produce significant effect in LNCaP 
cells after a longer period (3 to 6 days) of incubation (23). 
However, we observed that the effect of 10-* mol/L. of 25-OH- 
D,-3-BE was relatively rapid (optimal antiproliferation and cy- 
totoxicity in prostate cancer cells was observed within 16 to 24 
hours of incubation). Therefore, within the short timeframe of 
our studies, 10~* mol/L. of 25-OH-D,-3-BE produced a strong 
effect in LNCaP and LAPC-4 cells, whereas 10~’ mo. of 
1,2%OH8),D, showed very little effect. if amy. in all of the cells 
tested. 

We conducted a dose-response study in which PC-3 cells 
were treated with 10~’ mol/L and 10~* mol/L. of either 25-OH- 
D,-BE or 1.25(0H),D, for 18 hours followed by [H]thymidine 
incorporation assay. Results of this assay showed that I(-* 
mol/L. of 25-OH-D,-BE decreased the proliferation of the cells 
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Fig.2 A, cell counting away of LAPC-4, LNCaP, MCP-7, and MC3T3 cells treated with 25-OH-D,-3-BE or 1,.2(0H),D,. Bach cell lime was plated 
in 6 well plates at a density of either 80,000 cells per well (1. NCal’, MCP-7, and MC3T3) or 160,000 cells per well (LAPC-4) and allowed to atiach 
overnight. The cells were then treated for 24 hours (LNCaP, MC3T3, and LAPC-4) or 48 hours (M(CF-7) with ExOH vehicle or 25-OH-D,-3-BE (10 “ 
moll.) or I bp, (o~* mol/L). At the end of the cells were detached with trypsin-EDTA and counted in a Coulter counter. *, P< 
0.001; **, P = 0.003, ***, P = 0.014. B, dose-response in PC.3 cells. Cells were incubated with cither 
I2OH or 10-7 of 10% mol/L. of 25-OH-D,-3-BE or 1,2%0H),D, for 18 hours followed by | |thymidime incorporation assay as described in 
Materials and Methods. * » P< 0.005. C, MTS cell viability assays of PC-3, LNCaP, and DU-145 cells. Cells were grown as described above and 
then treated with FX0H or 10-7 or 10~* mol/l. of either 25-OH-D,-3-BE or 1.2OH),D, for 20 hours followed by MTS assay as described in 
Materials and Methods, which incleded measerement af absorbance at 409 am. Results are expressed in terms of percent of cell viability relative to 
ExOH-control (100%). *, P < 0.0001; **, P < 0.05. Bars, + SD. 
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by ~90%, wheress there was ~45% reduction with 10-* mol. 
of 12S/0HLD,. However, there was vitally no effect with 10-* 
mo. of ether reagent (ig. 28). Purthenno, we observed thai 
24OH-D,-BE was toxic to these cells (a5 well os to LNCaP cells; Fig. 
11 os they were found detached and Aoatng 

Tao elaborate on the cytotoxic nature of 25-OH-D,-BE_ we 
comed out MTS cell viohelity assay with LNCaP, PC-2, and 
DU-145 cells treated with 10-7 mol/L and 10-* mol/L of 
25-0H-D,-HE or 125(0H)D,. Results of this assay (Pig. 20) 
showed that 1}0-* mol/L of 25-OH-D,-BE reduced the number 
af viable cells to ~2% io LNCaP ond PC-3 cells ond 20% in 
DU-145 cells, whereas maponty of the cells were vesble when 
treated with lO-* mL. of | eMOe Dy. With 10-" mol/L of 
25-OH-D,-BE and |0-* mol/L and [0-* mol/L of 1,25(08).D, 
miapornty af the cells were viable. These results sapsesied Chest 
25-OH-D,-BE iodeced toxicity in these cells at }10-* mol/L. As 
rinidiieedl earlier, repeated dosing of LNCaP cells with 10-’ 
mol/L. of L26OH),D, foro prolonged period (48 hours) pro- 
doced sionifecant antsproliferative effect, whereas a single dose 
and shorter incubation pernod failed to produce such an effect 
(23). Therefore, it is probable that repealed dosing with 10~’ 
mol. of 25-0H-D,-BE for longer penogds (we tvpecally dosed 
ibe cells for 16 to 20 hours) might have peoxduced sigmifscont 
antiprolifersiive and possibly cytotoxic effects. 

ledechon of toxicity im DU-145 cells deserves special 
aitenibon, because it has been shown that DU-)45 cells respond 
poorly to | 25(00H)D,-treatment because of enhanced activity 
of the catabolic eanyme, 24-OHase (24,25) We postulated thet 
covalent attachment of 25-OH-D,-BE into the ligand-binding 
pocket of VOR might prevent the cotaboliem of ibe analog ond 
produce sufficient quantity of trosscriptionally active VDR. 
Therefore, our resulis with DU- 145 cells bend strone sappon for 
this hypothesis. 

The erowth iohihitory effect of 125008),D, and its ans- 
jogs is peneroly manifested via the avesting of cellular growth 
in GAG, phase: aod seach activity conmelaies well web the 
expression of cyclin-dependent kinase mmbibiiors, such as pl] 
and pl? (26). However, im some cases. apoptosis, or pro- 
grmmed cell death. hos been reporiad. For example, it was 
reported that 125000, induced apopiceis in MCF-7 cells 
(22, 27), although in prostate cancer cells reports ae conflicting. 
Por example, Blatt et af. (23) reported that 1 2500H,D, in- 
deced apopiosss in LNCaF cells, but another group tailed to 
observe such an effect (25). 

Premeniation of noclear DNA is a halimark of ihe down- 
stream process manifested by cells undercoing apoptosis. When 
PC-3 cells were feasted with 025 x 10-* mol/L of 25-OH-D,- 
+-BE, 240H-D,. or 1,5(0H),D,. DN A+romentation was 
observed only with cells treated with J5-OH-D,-3-BE (Fig. 3A, 
Hone 2), wheress oo seach effect was visible with an equivalent 
amount of | 2A(0HD, (Fig. 34, Lane 2) or 25-0H-D, (Fig. 
3A, Lang J), These results suagesied that 25-OH-D,-2-BE in- 
doced apoptosis in PC-3 cells, wheres an agquivalent amount of 
25-OH-D, and 125(0H).D, failed to do so. 

Caspases are key indicators of apoptosis in cells (29). For 
example, caspase 3 is aclivaied during the cascade of events 
dunng apoptosis. lt cleaves a vanety of molecules comiaining 
DEVD amano scid moti. Such moéecules ioclode poly-ADP- 
nbose polymermse (PARP), Ul -nbonecleoprotcin, and so forh. 
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Caspase is an upeineam caspase, and its activation leads to the 
activation of additional caspases amd subsequent cleavage of 
PARP and other molecules. Caspuse 9 is o key regulator of 
OpopiOsIS La wee. Acivathon of caspase 9 artivales procaspase 
4. which in tem is manifested through classical feateres of 
apoptosis such a6 cleavages of PARP. U)-nbonucleoprotein, 
and so fourth. 

Recently, Gueey et af (30) reported that 12 40H),D, 
activated caspase 3 und caspase 9, bol om caspase #, in 
ALWA-31 cells. Polek ef af (G1) also showed that | 24OH),D, 
did oof induce apoptosis in FAC-3 cells. When PC-3 cells were 
treated with 0.0] «x 10-* mol/L of 25-OH-D,-3-BE or 25 
OH-D, or 12 50H1,D,, only 23-0H-D,-3-BE showed strong 
induction of caspases 2 8, and 9 (Fig. 38). Therefore, DNA- 
frapmectation analysis and caspase-actrvation assay collectvely 
siogestad that 25-OH-D,-3-BE induced apoptosis m PC-3 celts. 

The 2340H-D,-3-BE contains an ester bond. Therefore, 
eslerms/es in exraing cells might hydrolyze this molecule io 


A ee 


Caspase 8 
Fig. 2 A, DA fmpmenigivon analysis of PC-3 cells vested with 
23-0H-D,27-BE or |.25(00H1,D, or 2540H-D,. Cells were treaied with 
O25 % 10-* mol/L of reagents for 30 boors followed by extraction of 
the DADA of the cells endespoing epopicers, and emalysis on a DMA eel 
The pel was vosesieed by ethidium bromide siaming. Lane T, ONA 
Turkce; Lae 2, | 00RD: fae 3 2500-2; Lone 4, 7540H-0,- 
4-HE_ Ee should be noted thai under the comdition of oor expenmeni, 
only the apoptatic OMA fragments leaking inio the cyinsol were ecx- 
brocted F. caspase activation analysis of PC-3 cells treaied wih 25-OH- 
D,-3- a ar 125(0HLD, o 208-2, Cell wer incubaied with 
0.00 = 10-* moll. of SUOH-D,-3E, L2S0H),D, o T5408-D, 
falicwed by colonmeinc assays for caspase 3, 8, ond 9 soconding bo 
manufecterer’s procedures. The X-axi mepresenis absorbance of the 
solution at 405 om *, F< 00055. Bors, +50. 
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produce eguimdor amounts of 25-4OH-D. and bromoacetic acid 
(Fig. 4, fop pownel). Tt could be argued that the observed effects 
af 25-0H-D,-3-BE might be because of bromoacetic ace, 25- 
OH-D,. or combenaison of the two. To determine any role of 
in stt-prodaced bromaaceiic acid (by the hydrolysis of 25-OH- 
D,-3-BE} we combed out [H]thymidine incorporation assay in 
PC-3 cells treated wath 10-* mol. of either bromoacelic acid or 
25-OH-D,-3-BE of o mixture containing }0-* mol/L each of 
bromoacebic acid or 254O/H-D,-3-BE As shown in Fig. 4 (bit- 
tam left panel, 10-* mov of 25-0OH-D,-3-BE was sironaly 
amiproliferative to the cells. whereas 10-* moll of bromoace- 
be acid did oot have any sienificant effect on the proliferation of 
these cells. Porthenmore, 9 mixture containmg JO—* mol/L each 
af bromoacetsc acid and 25-GH-D,-3-BE produced the same 
effects as [0—* mal/L of 25-0H-D,-3-BE alone (Fig. 4, battom 
right panel). Therefore, these results strongly suggested that the 
observed properties of 25-OH-D,-3-BE were related ip tis in- 
hydrolyzed (intact) foo 

However, the above results did not male owt the possebility 
that a pan of 25-OH-D,-27-BE might widergo hydrolysis, and 
25-0H-D,, produced in satu by this hydrolytic process, micht be 
metabolically activated by S-hydroxyvitamin D,-)o-hydroxy- 
lage (1-O/Hase) to [25008 D,., which coukd in tiem produce the 
observed effects, af least partially. LNCaP cells are known to be 
deficient in the |1-OHase enzyme (32), yet 25-OH-D,-3-BE 
showed strong antiproliferbive effect in these cells (Pip. [C). 
Furthermore, 10-* mov of 25-OH-D, showed a very weak 
effect in PC-3 cells (Fie. LE). These considerations essentially 
rifed oof any cole of in sife-producead 25-OH-D, tn the observed 
antiproliferative cyioloxic properties of 25-OH-D,-3-BE. 

The J4-OH-D,-3-BE contains 3 chemically reactive 
a-holocarbonyl group: therefore, it coukd potentially alkylaiz 
any prolein mn a cellular system. and seach modem interaction 
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could possibly be responsible for tts observed effects. FAS 
conmigans many proteins. including a relatively laree amount of 
vitamin D4binding profes, which could potentially react aiih 
25-0H-D,-7-BE, ond eluminade it completely before if reacts 
with VOR. Typecally, the assays descnbed here were camed out 
Ina meadia comimining 5 bo 1 FES, suggestion thal scavensing 
of 25-OH-D,-3-BE by serum vitamin Debending protein (ond 
other cellular protemns in a random fashion! might not play a 
sioniiicont role in the observed properties of this compound 

Becuuse VDR was. ow desared target to elicit the biological 
actively of 25-OH-D,-32-BE_ it became obligatory for us to shaw 
the involvement of processes relaiad to | 260OH),D,VDR- 
sianaline pathways. The 24-OHose pene is known to be strongly 
and predictahly modulated by |25¢(OH),D, and its analogs. We 
camed out o study to evaluate the effect of 12500H),D, and 
53-OH-D,-2-BE af vanous doses on the 24-OHose promoter 
activity in COS-7 cells that was transfected with a VDE con- 
simuct, oped wilh o CAT reporter gene. Results of this assay, 
shman in Pig. 5, showed that 24-OHose promoter activity was 
strongly upenilated by 107", 10-", and 10-* mol/L of 
1230OHLD,. In combat, strong promoter activity was dis- 
played only with 10-* mol/L of 25-OH-D,-3-BE, ond such 
aciivety declined almost to the basal level with }0-*? mol/L of 
25-0H-D,-27-BE. These results stronely suggested that the mo- 
lecular action of 2540/H-D, -3-BE might follow o path similar to 
125081D,, however, with less efficiency. 

Ag important aspect of ligand-receptor interaction is the 
ability of the hormone and the analogs to induce transcnption- 
gaily active conformation in WOR that can interact with RAR and 
other coactivators mquared for tramscripion, such as GRIP-] 
(33). Therefore. to delenmine the potency of 1 25(0H1LD, and 
2340H-D,-3-BE to induce interaction of VOR with RAR andor 
with the steroid receptor coactivaia, GRIP-], we used a pull 


Fip.4 top powell, scheme io show 
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in 200H-D-3-HE i 
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Fig. 5 Analysas of 240Hase promoter activity im COS-7 cell, tran- 
sienily iunsfected wih a 244Hose-consimuci, tagged wiih o chiormm- 
Phemoon (CAT) reporter pene ond hy DOR expression vector. Cells were 
treaied with various doses {as mdicaird) of -OH-D,1HE oc 
12500H)D,. and CAT activicy wos determined os described in Maie- 
Tals and Merihods. & Mazimof in the X-axis denotes percenioge of 
Main activity (in this case with 10 © moll. of 25..0H-D,-3-HE). *, 
P= 20S, **, P< 00001. Bars, +5D. 


down sssay in whach PC-3 cells were incubated with various 
doses of | 2500H),D, of 25-OH-D,-3-BE, and VDP -interscting 
protein were polled down with GST-fased GRIP or AAR. 
Results of these assays showed sirone interaction between VDR 
and GRIP-] when the cells were incubated for | hour with 
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25-OH-0,-3-BE F 
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75-OH-D,-3-BE (10-* mol/L) of 12500K).D, (10-7 mol/L: 
Fig. 6, fet poned). However, after 24 hows of incubation, strong 
inzraction between VOR and GRIP-] was observed with 10-* 
mol/L, of 2-OH-D,-7-BE With RAR, therm wos significant 
inieraction even with 10-" mol/L of 25-OH-D,-3-BE (Fig. 6 
rept paver). 

The above results provided the evidence that 25-OH-D,- 
3-BE was able to activate WDB at substonizlly lower concen- 
trations. in PC-2 cells; which is consistent with the results of 
DA A-fracmentation ond caspese-activation analysis. However. 
a significanily hieber dose (10-* mol/L) of 25-OH-D,-3-BE 
was required to show 24-OHose—oromoter activity in OOS cells 
as well as aotiproliferstive actively in various cells. These dis- 
crepancies underscore: ihe bypothess. that pene regulatory 
evenis leading to mhibrion of cell growih might be different 
from those leading to apoptosss. Whether or oot all of these 
cellular events oe mediated through Wanscnptional activity of 
the WR remains to be established. Purthermore, differences in 
the potency of analogs to mduce different pene regulatory 
events throweh VDE in the same cell type have been reported by 
srveral studees, including Shevde ef af. (34). This study ath 
IMD, an analog of | 25(OHD,. showed 5 nome of sensitivity 
for regulating gene expression, from ED, — 10-*" moll for 
the up-regulation of RANKL io ED, 10-™ mow for induc- 
tion of the VDR responsive penes, osieoponiin and 24-hydrox- 
viase in mouse osteoblasts. Lakewrse, Ismail et al. (945) showed 
that the analog Ro-26-9278 had on ED, of 2.1 « 10-* mol/L 
for the induction of 24-OHase and an ED,,, of 2.65 = LO-? 
mol/L. for indection of Calbendin Dk in Caco-2 cells. 

A map concem invedving | 2 OHLD, and its amalogs is 
s¥elemic toxicity (hypercalcemia bypercalcuures) that is offen 
found to be assoctoled with these molecules. Therefore, if 25- 
OH-D,-3-BE and related compounds were to be developed as 
therapcubic agents, they should be devesd of systemic toxicity. 
Although ais difficult to draw a direct conelation between ia 


whine andl i vive dosages. 1 was clear that doses (of 25-OH-D,- 


BE) that might be required to reach a potential therapeutic level 
woukd be significantly higher thon what has been customary 
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Fig. Pull down assays in PC-3 cells to deiermone ihe interaction between WDR and RXR and GRE-1, os the cells were peated with various doses 
af 2500 HD.-3-BE or 1.250000 D, followed by incubation with GST-RXR oc GSTuGREIP-1 fusion proteins. The EXE and GRIP-1 bound proteins 
were adsorbed on gluigthione-Sepharase beads. The bound proteins were ebated from the beads by boiling in Laemmli buffer and were analyzed by 
polyacrylamide gel electrophoresis. The protem bands were tunsfemed onto a polywnvlidene difuonde membrane, end blots were visualized by 
Wester blotiing with an anti-WOR antibody. 
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with |.25(0OH)D, and its analogs. However, we summised thal 
an analog of 75-O0H-D./125(08)D, could be useful io higher 
concentrations 25 long a5 it did mot shoe systemic toxicity. For 
example. higher than customary doses of la-bydrowyniiamio D, 
Wee Used in wee bo elicit desired effects (34). 

We cummed out a toxicity study of 734OH-D,-BE in CD] 
mice where we ased 25-O/H-D, a5 a control. Our purpose was bo 
determine whether we could extrapolate the nontoxac property 
af 23-OH-D, to its analog (Le, 25-OH-D,-BE?} and to obtain a 
preluminary ilies ial ther salir tesa erred of 25-0H-D.,-HE. As 
shown by the resulis (Table 1). there was mo siensficant differ- 
ence in semum calcium values amd wesehts of ihe anamals from 
the vehicle control wth 3.3 of 33.0 poke of 2-OH-D, or 
25-OH-D,-BE Although there was 9 slight increase in semm 
colcim value only with the highest dose (166.7 perke) of 
25-OH-D,-BE_ body weights of the animals were oot sepnifi- 
cantly different from the vehicle control It showld be empho- 
sized that the above results simply denoted that 25-OH-D,-BE 
had asignificandy lower toxicity than |]. 20H)D, of majonty 
of its anators without providing any wnformabion on its effective 
serum concentration and becavailability. We have shxvan thet 
25-OH-D,-BE ts the active molecule that is responsible for the 
observed amiproliterative activity in prostate cancer cells (Fig. 
4). Bot, we appreciate that 25-OH-D,-BE can wndergo hydroly- 
lite cleavaze ia wre to rsiece its bioavailability. in the firture, 
we will canry out pharmacokinetic aod pharmacodynamec stud- 
es bo shed bight on thas esse. 

lo toxicity studies, it & customary to use |] 20H), os o 
contra. But 1 50082, and many of its syethetsc analoes ore 
known to be toxic af doses goed m our study. For example, 
in a fecent publication it wos mpwted that 10 poke 
af L2500H),D, ond EB-1089 [a noncalcemic analog of 
|23500H1,D,)] raised senum calcium beyond vehicle control, 
although significantly less with EB-1089 than 125(0H)D, 
(27). For obvious reasons, we could mot ose 12 OHD, of 
BB-1089 as controls at high dose levels that were used in oar 
toxicity study with 25-OH-D,-BE. 

The 1,25(0H),D, and its analogs are generally not known 
to have tesueftumor specific effects because of the abiguitous 
nature of WDE. ihe chief modulator of their actions. In this 
commnaicaion, we report that 25-OH-D,-3-RE a VDR-offinety 
alkylating denvative of the prehonmone, displayed stroma anti- 
proliferative activity in andropen-sensitive LAs and LARPC-4 
and androgen refractory PC-3 ami DU-145 cells. In axidition, 
25-0H-D,-3-BE tnduced apootosis in these prostaiz cancer cells 
but not in conned immorialiced prostate cells (PA-HPY-7) ot the 
same dose bevel. The reason behind the prostate cancer cell- 
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specific effects of 25-OH-D,-3-BE can only be speculated of 
this point ft & noteworthy thal |1250H),D,-7-HE_ the 
125 0H1D, prototype of 25-OH-D,-3-BE, showed very sim- 
tor antioroliferstive snd apoototic behavior (as 25-OH-D,-+- 
BE) in prostate cancer cells (17). Therefore, we sermise thal 
covalent Labeling of the hormone binding pocket [by 25-0H- 
D,-3-BE and |.25(0H),D,-3-BE] is crucial for the prostate 
cancer-specific elfects. However, antiproliferative index of C-] 
and (C-1) bromoacetaties of | 250012, [which affinity alky- 
luted WOR similar to | .2500H),D,-3-BE) in keratinocytes was 
much lower than | 25¢0OH),D,-3-BE* This supeesied that co 
vilent modification of o specific area of VDR [by 3-boromo- 
acigtaies: 25-OH-D,-3-BE and | 25(0H)D,-3-BE) bas o pro- 
found effect on transcreptional activeies. We postulate that 
23-OH-D,-2-HE changes the conformation of VOR (on alkyl 
tion! so that the lipanidied recepiog specifically ond uniquely 
miiulote certain faction factors daneactly or endirectty io the pros- 
tote cancer cells. We are cumrently io the process of nlentifving 
such factor/factors. by sene-profiling expemments. 

Several clinical tnals involving 1.250081), and tis ana- 
loos io proshe aod other cancers are cumently underway. Re- 
sults of the studies descobed in this report stromoly sugpest that 
23-OH-D,-3-HE and related WDR-cross linking analogs of 25- 
OH-D, might be useful os potential therapeutic agents for 
androgen-seasitive and androgen-refractory prostate cancer. 
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Nuclear Estrogen Receptor Targeted 
Photodynamic Therapy: Selective Uptake and 
Killing of MCF-7 Breast Cancer Cells by a 


Ciz7e-Alkynylestradiol-Porphyrin Conjugate 


Narasimha Swamy,' Ajay Purohit,* Ana Fermandez-Gacdo,' Graham B. Jones,” and Rahul Ray'* 
"Bioorganic Chemistry and Structural Biology, Section in Endocrinology, Diabetes and Nutrition, 
Department of Medicine, Boston University School of Medicine, Boston, Massachusetts 
*Department of Chemistry, Northeastern University, Boston, Massachusetts 


Abstract We hypothesized that. overexpression ofestragenrecemor(ER}in hommone-sensitive breast cancer could 
be hamessed synergistically with the tumor-migrating effect of porphyrins to selectively deliver estrogen-porphyrin 
conjugates into breast tumor cells, and preferentially kill the tumor cells upon exposure bored light Inthe present work we 
synthesized four (4) conjugates of C)>-c-alkynylestradiol and chlorin e6-dimethyl ester with varying tether lengths, and 
showed thatall these conjurates speciticallybound to recombinant ER. Ina cellularuptake assay with ER-positive MCF -7 
and ER-neg ative MOA-MB 231 human breast cancer cell-lines, we observed that one such conjugate (Ey7-POR, XIV) was 
selectively taken up in a dose-dependent and saturable manner by MCF-7 cells, but not by MDA-MB 231 cells. 
Furthermore, WCF-7 cells, but not MDA-MB 231 cells, were selectively and efficiently killed by exposure to red light after 
incubation with Ey--POR. Therefore, the combination approach, including drug- and process modalities has the potential 
to be applied clinically tor honmone-sensitive cancers inorganswhereER issigniticantly eqpressed. This could potentially 
be carried out ether as monotherapy involving a phote- induced selective destruction of tumor cells and/or adjuvant 
therapy in post-surgical treatment tor the destruction of residual cancer cells in tissues surrounding the tumor, |. Cell. 
Biochem. 9% 966-977, 2006. © 2006 Wiley-Liss, Inc. 


Key words: estrogen receptor targeted delivery of phototaxins; targeted photodynamic therapy; estroagen-porphyrnn 


conjugates; cellular assays for uptake and cel-kill; breast cancer 


Porphyrins are photosensitizers; and they 
have a useful property of being retained some- 
what preferentially by malignant tissues, pos- 
sibly due to their unique chemical structure. 
Porphyrins absorb in the visible region of 
electromagnetic radiation. Therefore, upon 
activation with visible light (often red light), 
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parphyrins produce singlet oxygen that kills 
tumor cells (Photodynamic therapy, PDT). In 
gfeneral, PDT is a localized therapy for the 
treatment of early stage malignancy, palliative 
therapy for late-stage disease and for tumor bed 
sterilization by destroying any residual tumor 
cells after surgery or any metastasized cells in 
the area of light-illum ination [Dougherty et al, 

1998: Dalla Via and Martiani, 2001: Sibata 
et als 2001; Dougherty, 2002; Moan and Peng, 
2003; Axer-Siepel et al.. 2004; Marmur et al, 
2004). Recently two PDT dyes, namely 
Visudyne and Foscan have been approved by 
the Food and Drug Administration for the 
treatmentof age-related macular degeneration, 
and palliative treatment of head and neck 
cancer respectively. In the caseof breast cancer, 
PDT was investigated as a palliative treatment 
for the cutaneous recurrence [Khan et al., 1993: 
Mang et al, 1998; Allison et al, 2001), and was 
suggested as a probable treatment. Recently 
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Dolmans et al. [2002] reported that PDT 
delayed tumor-growth in a murine orthotopic 
breast tumor model. 

Accumulation of most PDT dyes in malipnant 
cells is, however, modest, and several methods 
for the enhanced delivery of PDT dyes to tumors 
by chemical conjugation or association with 
LDL, liposomes and microspheres have been 
attempted with limited success [Hasan, 1992: 
Kramer et al, 1996; Derycke and Witte, 2004: 
Sharman et al, 2004). Recently unique 
immu ne-signals on thesurface ofcertain cancer 
cells have been harnessed by chemically con- 
jugating POT dyes to antibodies to these signals 
[Golfetal., 1994 1996: Vrowenraets etal, 2000, 
2001, 2002). However, paucity ofactive mechan- 
ism for the internalization of these immunotox- 
ins has limited their applicability. 

Nuclear receptors, by virtue of their high- 
affinity binding to their cognate ligands, have 
been employed as molecular targets to deliver 
ligand-mimics as drugs. For example, estrogen 
receptor (ER), the primary modulator of the 
biological effects of estrogens and anti-estro 
gens, has been targeted with estrogens as 
carriers of cy totoxins | nitrogen mustards, geno 
totoxins, peldanamycin, enediynes [Rink et al., 
Lo96- Kuduk et al., 1999, 2000: Essipman et al., 
200 1- Purchit et al. , 2001; Bieri otal. , 200-4], 
and radioisotopes (for radicimaging [Skaddan 
et al, 1999, 2000)), taking advantage of the 
wer-expression of ER in cancerous cells relative 
to healthy tissues |Gotteland et al., 1994; Traish 
etal. 1995; Soubeyran et al., 1996; Struse et al., 
2000). However, these “double-headed” conju- 
fates in general have low ER-binding affinities 
due in parts to modification of the parent 
estradiol molecule, and addition of appendages 
of varying chemical nature and steric bulk. As a 
result desired degree of accumulation of the 
conjugate selectively into tumor often remains 
unachiev ed. 

We hypothesized that tumor-accumulation 
(of the conjugates) could be enhanced signifi- 
cantly if we couple estrogen with a toxin that 
has propensity for accumulation into tumor 
cells. This way it might be possible to diminish 
the sole dependency of these conjugates on ER- 
binding. Such a strategy will have the benefit of 
providing significantly higher efficiency over 
traditional POT, and might constitute a poten- 
tial tumor-specific therapeutic modality for 
hormone-sensitive cancer of organs where ER 
is expressed in significant degree. 


Based on the above hypothesis we synthesi- 
zed a conjugate of C,,);-estradiol and tetraphe 
nylporphyrin, and showed that this compound 
selectively accumulated in MCF-7 breast tumor 
cells [James et al., 1999; Swamy et al, 2002]. 
However, we noted that the photosensitizing 
capability of neither the un-conjugated por- 
phyrin nor the conjugate was sufficiently high 
to kill the cells under the conditions of our 
experiment [Swamy et al., 2002]. 

In the present study we anchored chlorin e6- 
dimethyl ester, a known photo-toxin to C,-2- 
alkynylestradiol via tethers of various lengths 
and determined their ER-binding capabilities. 
In addition, we carried out cellular uptake and 
light-induced cell-killing studies of one of these 
con) Upabes (E,.-POR,n =3, XIV, Fig. 1) with ER 
positive MCF-7 and ER-negative MDA-MB 231 
human breast cancer cells. These experiments 
demonstrated that this conjugate selectively 
accumulated into MCF-7 cells; and viable cells 
were significantly reduced by exposure to red 
light. Results of these studies and their implica- 
tions are discussed in this communication. 


MATERIALS AND EXPERIMENTAL METHODS 


MCF-7 and MDA-MB 291 human breast can- 
cer cells were purchased from ATCC (Manasas, 
VA). Baculovirus expressed recombinant ERa 
was obtained from PanVera, Madison, WI. All 
the chemicals, except chlorin e6-dimethy! ester 
(Frontier Science, Logan, UT), were purchased 
from Sigma-Aldrich Chemical Co., Milwaukee, 
WL Solvents were obtained from American 
Bioanalytical, Natick, MA. ["H]17-(-estradiol 
(sp. activity 3 Ci/mmol) was synthesized in- 
house by reducing 3+-butyldimethylalyl estrone 
with NaB"H, (Amersham Corpn., Springfield, 
IL, sp. activity 12 mCi/mmol) followed by 
removal of the tert-butyldimethy Lily! protect- 
ing proup. Synthesis of the compounds (Fig. 1), 
included in this communication, was reported 
earlier in a scientific meeting abstract [Swamy 
et al, 2001). Detailed description of the synth- 
esis will be published elsewhere. 


Competitive Binding Assays of 
C,>--alkynylestradiol-chhorin eb 
Conjugates (XII-XV) with ERe 


Baculovirus-expressed recombinant ERa (2 nM) 
was incubated with 0.13 nmol of (OH ]17-B- 
estradiol in the presence of increasing con- 
centrations of estradiol or the conjugates (as 
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1. HC=CH,-OSiMe, 
Li(SiMe,)},, CeCl,, 


THF, -72°C 
2  ,CO,, MeOH 


OF, 
CG", THF, -78°C 


TBDMSO ” 


lin=41,R=OH), I (n=2, R=OTHP) 
Il (n =3, R= OTHP), IV(n=8, R = OTHP) 


1. MgBr,, Ether, 3 hr (R = OTHP) 


(Vin =2), Vi(n= 3), Vil (n= 8} 


HC C-(CH,},-OH 2, Chlorin e6-Me,, EDC, 
HOBT (N-OH-succinimida 
in the case of XI), CHCl, 
[Vill (n= 1), IX (n= 2), 
X(n=3), Xi (n= 8) 


| DHP, PPTS, CH,CL 


HC= C-(CH.}.-OTHP 
© (n= 2,3,8) 


1. n-Buli, 3, TBAF, THF, O°C, 2 hr 


THF, -78°C, 30 mi 
2 Cal, THF, -780 
HC= C-(CH,),-OH 
C’ (n= 2.3.8) 


All, = 7; All, n=2, AV n= 3) XV n=6 


Fig.1. Scheme tor the syuhes of C,--2-alkynfedradial-chiorin 66 conjupaies. 


denoted in (Fig. 2), dissalved in 10 1! of ethanol, 
in an assay buffer (10 mM Tris, pH 7.5, 10% 
glycerol, 2mM ofmonothioglyceral, and 1 mg'ml 
BSA, total volume 0.5 ml) for 15 hat4°C. A 50% 
hydroxylapatite (HAP) slurry was added to 
remove ["H]-17-estradiol, bound to the protein 
from unbound [“H]17p-estradiol. After centri- 
fugation and three washes in the ER wash 
buffer (40 mM Tris, pH 7.4, 100 mM KCl, 1 mM 
EDTA, 1 mM EGTA) the HAP pellet was 
transferred to a scintillation vial and re- 
suspended in 200 pl of ethanol. Radioactivity, 
bound to the HAP-pellet, was determined in a 
liquid scintillation counter after the addition of 
acintillation cocktail. Total binding was deter- 
mined by treating ER samples with [“H]-17(- 
estradiol only, while non-specific binding was 
determined by incubating ER samples with 
(*H1]17f-estradiol and 1 pg of estradiol. Max- 
imum specific binding (By) was calculated by 
subtracting non-specific binding from total 
binding, while specific binding (B) at each 
concentration was calculated by subtracting 
non-specific binding from binding at each con- 


centration. Each concentration was run in 
triplicate. 


Cell-Cul ture 


MCF-7 and MDA MB 291 cells (approxi- 
mately 10° cells/well) were seeded into 24-well 
plates and grown in DMEM media containing 
1% Penn/Strep and 5% fetal bovine serum (FBS) 
till approximately 70% confluence, followed 
by treatment with various reagents. E,.-POR 
(estradiol porphyrin conjugate, XIV) or chlorin 
e6 dimethyl ester (Ce6-Mes, the un-conjugated 
porphyrin) were dissalved in ethanol to desired 
concentration, and the cells were dosed with 
these solutions. 


MCF-7 and MDA MB 231 Cell-Uptake Assay 


MCF-7 or MDA MB 231 cells were treated 
with various concentrations of either E,.-POR, 
XIV or Ce6-Mes in cell culture media without 
FBS for 30 min. After the incubation media was 
withdrawn and the cells were washed 3 times 
with PBS, and 1 ml of methanol was added 
toeach plate, and cells were allowed to lyse for 
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Fig. 2. Competitive binding say of egardiol and C,,-- 
alkynyearadiolchiorin eh conjugates with haculovins 
epreied recombinant ER. Briefly Ea (2 nM) was incubated 
wih 0.125 amal of [H]17-B-eatradiol in the presence of 
increasing concentralians af eatradial or the conjugate: for 
15h 2 450, followed by treatment with a 50% hydroxyapatite 
(HAP) dlunry to remowe [[H]17Pestradiol, bourd to the protein 
from wnound [TH] 17 peestradial. Aiter centrifugation and three 


15 min, The cells were scraped with a rubber 
policeman and the mixture was transferred toa 
test tube. This step was repeated twice. The 
combined mixture was centrifuged and super- 
natants were concentrated under nitrogen, 
dissolved in 1 ml of methanol, and flucrescence 
in the extracts was determined in a Hitachi 
U2000 spectrofluorimeter (E,=405 om and 
E,,=670 nm). To determine the extraction- 
efficiency, known amounts of the conjugate 
CXIV) and chlorin e6-dimethylester were added 
to MCF-7 cells and they were extracted with 
methanol in the same fashion as described 
before; and the methanol-extracts were assayed 
flucrimetrically. The extraction-efficiency was 
295% (results not shown). In general each 
concentration was run in six (6) replicates. 
Statistics was done by student's f-test. Although 
cellular uptake assays are usually carried out 
by dispersing the cells in a detergent (e.¢., 1% 


washes inthe ER wash bufier the HAP pellet was ransdenred to a 
acintillatien vial, reaspended in 200 ul of ethanol, and 
radioaciviily was measured in sciniillaiion counter, Al each 
concentration speciic binding divided by maximum specific 
binding (B/ Bal inpercent was ploted against conceniraiion. 50% 
speci: binding (EC,.) far each compound is denated in the 
ads. Each conceniralion wae nut in triplicate, 


$DS8) after the incubation with a porphyrin, and 
measuring the fluorescence of the mixture 
[Momma et al, 1998], we found that addition 
of methanal to the cells (after removing the 
media and washing the cells with PBS) lysed the 
cella completely and allowed a near complete 
extraction of the porphyrins inside the cells. A 
similar procedure for the extraction of tri(ghu- 
cosyloxy phenyl }chlorin with an organic salvent 
was described recently [Laville et al., 2004). 
Cell-Viability Assays of MCF-7 and MDA-MB 231 

Cells Treated With Various Doses of E,--POR 

(XIV) or Ce6-Mez 

MCF-7 and MDA-MB 231 celle were treated 
with E,-POR (XIV, 0.02, 0.03, 0.07, 0.13, 0.27, 
0.54, or 1.07 pM) or chlorin e6 dimethyl ester 
(Ce6-Me,, 0.01, 0.02, 0.05, 0.09, 0.18, 0.36, or 
0.73 uM) in DMEM in the absence of FBS for 1h 
in the cell culture incubator. Then the plates 
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were exposed to red light for 10 min at 25°C 
(heat was dissipated with a cooling fan). Ilhumi- 
nation of the cells was carried out by placing the 
cell-culture dishes on the top of a light box 
covered in the top with a red plastic sheet. 
The lamp was equilibrated for 15 min prior to 
placing the cell culture dishes. Transmittance 
of the red filter was determined in a UV-VIS 
spectrophotaometer (Hewlett-Packard, Model 
8453). Fluence was determined by a Coherent 
Lasermate detector with a 2.54 em” detection- 
area (total fluence was 3.5 J/cm"). A control 
plate was set up in parallel, but the plate was 
not exposed to light. At the end, the media was 
replaced with fresh media containing FBS and 
thecells were allowed torecover and grow for an 
additional 14h. This was followed by Methylene 
Blue cell-viability assay (vide infra}. We also 
carried qut an assay where cells were exposed to 
light for 10, 20, 30, and 90 min; and observed 
that a 10-min exposure was sufficient for sigmi- 
ficant and consistent reduction in the number of 
viable cells (results not shown). Furthermore, a 
shorter exposure-time was deemed desirable to 
avoid “heating” related to longer exposures. 


Methylene Blue Cell-Viability Assay 


After the experiment the cells were washed 
with ice-cold PBS (0.5 mi), followed by the 
addition of methanol (chilled at —20°C) and 
the cells were allowed to incubate on ice for 
10 min. Methanol was removed by suction and 
the cells were air-dried for 20 min followed by 
the addition of 0.25 ml of Methylene Blue 
solution to each well, The cells were allowed to 
incubate at 25°C for 30 min. Methylene Blue 
solution was aspirated off, and the cells were 
washed four (4) times with 10mM borate buffer, 
pH 6.5 (1.0 ml at a time). Then the cell-bound 
dye was released by adding 1.0 ml of ethanal- 
0.1 M HCI (1:1 v/¥) mixture. The absorbance of 
the solution from each well was determined at 
650 nm against ethanol-HCl solvent. The cell 
viability was expressed as percent of the control 
(which did not receive any compound, but 
received only plain DMEM). 


Imaging of MCF-7 or MDA-MB 231 Cells after 
Incubation With E,--POR or Ceé-Me, and Either 
Exposed to Red Light or Kept in the Dark 

MCF-T or MDA-MB 231 cells (--200,000) were 


seeded in 30 mm dishes and grown overnight in 
DMEM containing Penn/Strep and 5% FSS. 


The cells were treated with 1.07 pM of E1;-POR 
or Ce6-Mey in DMEM in the absence of FBS for 
1h. Then the plates were exposed to red light 
(light box fitted with a red filter, as described 
before) for 10 min at 26°C. A control plate was 
set up in parallel but the plate was not exposed 
tolight. At the end, the media was replaced with 
fresh media containing FBS and the cells were 
allowed to recover and grow for an additional 
14 h. After this period the wells were washed 
twice with PBS (1.0 ml), and fixed by adding 
1.0 ml of methanol (—20°C) to each well and 
incubating on ice for 20 min. Methanol was 
aspirated off and the plates were dried in air for 
30 min, One ml of 1% Methylene Blue solution 
was added to each well and cells were incubated 
at 25°C for 30 min. The plates were washed 
three times with 10 mM borate buffer pH 8.5, 
and photographed using an inverted microscope 
fitted with digital imaging system (Twin-Cam 
Digital imaging system by Camdek Precision 
instruments, Boston, MA). 


RESULTS AND DISCUSSION 


Tar geting ER in the nucleus of breast cancer 
cells with an estropen-toxin conjugate has cert- 
ain advantages. For example, it has been shown 
that the nucleus of cancer cells contains higher 
number of copies of ER than the non-cancerous 
tissues where ER is expressed [(Gotteland et al., 
1994: Traish et al., 1995; Soubeyran et al., 1996; 
Struse et al., 2000). Therefore, it & expected 
that a larger quantity of an estrogen-conjugate 
would accumulate in the cancer cells than the 
non-cancerous ones. Furthermore, nucleus con- 
tains the genomic DNA; and its damage is most 
desired in cancer therapy. Additionally, cancer 
cells divide rapidly and the chromosomal DNA 
remains in a bare form instead of being 
surrounded by histones and thus protected from 
damage. Therefore maximum damage to cells 
could be expected if the toxins are targeted to 
the nucleus of the cancer cells, 

Support for the benefit of nuclear targeting 
was provided in a recent article where 
Akhlynina et al. demonstrated that coupling 
chlorin e;, a PDT dye, to a nuclear localization 
signal and targeting nuclear insulin receptor in 
PLC/PRF)5 and rat glioma C6 cells resulted in a 
more than 2,000-fold reduction of ECs» (opposed 
to chlorin eg alone) and significantly increased 
the photosensitizing activity of chlorin 6 
[Akhhynina et al, 1997]. 
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Ina previous report we delineated the synth- 
esis of a C,,-estradiol-tetraphenyl porphyrin 
conjugate and showed specific binding of this 
conjugate to ER [James et al., 1999]. Further- 
more, we demonstrated that this compound 
selectively accumulated in ER-positive MCF- 
human breast cancer cells opposed to ER- 
negative HS578t cells [Swamy et al., 2002). 

Although the above results provided the 
“prool-of-the principle” of our hypothesis about 
targeting ER in cancer cells with a “double 
headed molecule" in which one half has 

ER-localizing property while the other has 
tumor-localizing property, this compound show- 
ed very low photosensiting capability under the 
conditions of our experiment [Swamy et al., 
2002]. This prompted us to consider chlorin e6 
as the photasensitizer, particularly in conjuga- 
tion with estrogen-mimics. Hamblin et al. 
recently described th at conjugation of polyethy- 
lene glycol to chlorin e6 significantly enhanced 
the phototoxicity of chlorin e6in ovarian cancer 
cells [Hamblin et al., 2001]. Furthermore, as 
described earlier, coupling chlorin eg to a nu- 
clear localization signal significantly increased 
the photosensitizing activity of chlorin e6 
[Akhhnina et al, 1997). These data provided 
potential support for our hypothesis involving 
estrogen-porphyrin conjugates for targeting ER 
in breast cancer celle and killing them in a 
selective fashion upon light-exposure. 

An important consideration in the tumor- 
selective delivery of estrogen-conjugates is high 
binding affinity between these compounds and 
ER. This is necessary for the selective accumu- 
lation of these compounds in the desired ER- 
targeted tissues, and not in other healthy 
tissues where is ER i¢ expressed, that is, 
brain, ovary ete. C,-7-alkynylestradiol and its 
derivatives are known to bind ER with high 
affinity [Anstead et al., 1997]. Therefore, we 
postulated that C,-a-alkynylestradiol-por- 
phyrin conjugates might be endowed with high 
ER-binding and enhanced tumor-localizing 
propercies. 

In the present study, we synthesized four (4) 
conjugates of C,.-a-alkynylestradiol with var- 
ious tether lengths and chlorin e6-dimethy! 
ester (Fig. 1; n= 1-4, 8). Introduction of the 
tethers at the Cj,;-2 position of estradiol was 
carried out by nucleophilic addition of suitably 
derivatized alkynyl! carbanions to protected 
estrone followed by standard synthetic manip 
ulations. 


lt is known that alkyne group and its 
derivatives at C);-a position of estradiol are 
tolerated well by ER [Anstead et al., 1997], but 
the effectofa large porphyrin groupat the end of 
the alkyne on ER-binding is not known. Com- 
petitive binding assays of these conjugates 
XT-—XV) with recombinant ER demonstrated 
that all of them specifically bound to ER in a 
dose-dependent manner, however, with signifi- 
cantly less affinity than estradiol (Fig, 2). Con- 
centration at half-maximal binding of XII-XV 
(n= 1-3 and 8) were 5.6, 8.1, 6.8 and 3.0 nM 
respectively compared with 0.01 nM for estra- 
diol. Although these compounds showed Low 
ER-binding properties, we hypothesized that 
such deficiency might be mitigated, at least to 
some extent by the tendency of the porphyrin 
part of the conjugates to be retained by the 
tumor cells. 

We continued our biochemical studies with 
one of the conjugates (Ei7-POR, XIV, n= 43), 
because we had maximum amount of this 
campound available to us. Since ER-binding 
affinities of these compounds (XIJ—XV) were 
very similar, we argued that XIV would be a 
valid representative of the four conjugates. 
Purity of this compound (E,;-POR, XIV) was 
determined by HPLC analysis, which showed 
that XIV was not contaminated with chlorin e, 
dimethyl ester (results not shown). 

We observed that when MCF-7 or MDA-MB 
221 cells were incubated with various doses of 
either E,7-POR or Ceg-Mes, the conjugate was 
taken up by ER-positive MCF-7 cells in adase 
dependent and saturable manner, while Ce; 
Me, was not (Fig. 3). Both E,-POR andCe-Mes 
showed a low-level and dose-independent 
uptake by ER-negative MDA-MB 221 cells. 
These results strongly suggested that binding 
of E4y7-POR by endogenous ER in MCF-7 cells 
might be responsible for dose-dependent and 
saturable uptake of this compound. 

In the next study, MCF-7 cells wereincubated 
with various doses ofeither E,;-PORorCa-Mes 
followed by exposure to red light, under condi- 
tions described in the Materials and Methods 
section. Following the light-exposure the cells 
were allowed to grow back, and cell-viahbility 
was determined by Methylene Blue assay. We 
used this assay in our experiment because it has 
been used traditionally for cell survivability; 
viability. In this assay only the live cells are 
stained by Methylene Blue, providing an index 
for cell viability. Recently this assay was used to 
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Fluorescence (Arbitrary Units) 
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60 100 120 


—= MCF-7 + Chiorin e6-Me, 
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—*” MDA-MB 231 + Chiorin e6-Me, 
Fig.3. Callularuptake a4ay of E,.-POR and Ceh-Mée, in MWC? and MOAB 291 celk. Cel were treated 
with increasing Conceniralions of ether E>-POR of Ceb-Me, in cell culture media wilhout FBS for 30 min. 


Then tee cells wer washed three time with PRS, and wer extraciad with 1 ml of methanal. The 
fluorescence in mealhanal extrach was determined jE, —405 nm and b= 670 nm). Each point in the graph 


represents an average of ax (6) replicates. 


determine cell-curvivability after PDT with a 
photoproduct of protoporphyrin IX induced 
by S-aminolevulinic acid [Ma et al., 2000). 
We observed that there was a dose-dependent 
decrease of viable cells in cells treated with E,-- 
POR and red light; and 0.18 pmol of the 
conjugate was required for 50% cell-viability/ 
cell-kill (Fig. 4.4). On the other hand, there was 
almost 100% cell-viahility with Ei+POR (no 
light-exposure) and Ce-Me, (no light-expo- 
sure). The Cey-Mes-control that was exposed to 
light showed some cell-killing properties at 
higher concentrations reflecting low-efficiency 
tumor cell-retaining tendency of porphyrins. 
The above results strongly suggested that 
presence of ER in MCF-7 cells might be 
responsible for the enhanced accumulation of 
the conju gate into cells that led to significantly 
higher degree of cell-kill upon light-exposure 
compared to un-expased sample. Another 
important observation was that conjugation 
of Ce-Mes to estrogen strongly reduced the 


amount af porphyrin required for cell-kill. For 
example, at a concentration of 0.18 pM there 
was 60% cell-viability with the conjugate (light- 
exposed |, while there was almost 100% viability 
with Ceg-Mes (light-exposed) at this concentra- 
thon. 

In the case of ER-negative MDA-MB 231 cells 
there was no significant cell-kill with Ce,-Mesin 
the presence or absence of light (Fig. 4B). This is 
in contrast with MCF-7 cells where low but 
significant cell-kill was observed at high doses of 
Ce,-Mes (Fig. 44). This might be a reflection of 
the inherent difference between these cell lines 
towards photo-sensitivity, On the other hand, 
almost equal level of cell-kill was observed in the 
absence or in the presence of light when thecells 
were treated with high concentrations of E,;- 
POR. This phenomenon may be related to “dark 
toxicity’ involving low-level toxicity of porphyr- 
ins that are not exposed to light, that has been 
shown in several systems, particularly when 
the core porphyrin moiety is modified [Stilts 
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et al, 2000; Vieente ot al, 2M). The & 
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7 a al. 

Cm! aA Alege. Remar ME Hee TO ee Te ee 
G7 oo wes pede Sey md 
Sa Ee ee, ce celal. 
Ber dl Cece To YL 
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Bhropen Recepior Targeted POT a7 


Ceca St Say FE Sda-lier F, Comte (7, [ede 
AC Mewes HLM. Reem reepaee CER = 
foe get coe Clee 74 A 

gue Det A ed aie DL Here L Cell Sede pee, EV, He 
To 00 Pegeione of 8 cohiefll poe coe 
uA ESL Lay Gee Cl acer Hae 
aL 7 

toa TO 2 Soto debe by ooo 
coho pews & heudee ss SH Deeg ec 
ariel enamine een each: 

Bhocky ng-ewde aioe a ee LA iL 

rer Sy, Haase, HO Harp BE. Spee 

= wtcrye Tesco Godoy oy ie 8 Sey 

aeeradsal ooeagea dor peed yma: cheesy et csc 
Beco Med Chem Lee 9-2 ee 

le Sih. Derageae sy Tol Mee TR Ao ee be ee 
TS, SSE Sa ye SL ae 
ores aie mee oe bret cee oral cer LE - LE 

Kee MM, Moller JW), Sbchaered 5 oo kom AS, Hee T, 
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Kuck GS Hee TL Bog FF, Geel 1. 
ote a 0) Heme BM, Themuidaaiisiey ALL 2000 Spa 
= erate © peludos oda 
ecwerer hile (oe Lae Lb 1 ee 

Lares TL Pope G lee WHC, Look A Mlllerd Ph, 
Comoe: [es Bees J i niaaky oll thn sinbilitier cll 
Soe ae ee a eet cre for chcicetp- 
a ieee oe eae cole Soar calle i equ 
wml ee. Saeco Mele (Chee bb ee 

Sie LY, Agee Bi Minas 0) Tie See eye 
affect of che pincers of poo pape = 
al Fenn ae Fad ob LU 
Cer dl Ga doo 2 

Gel gee FE Ee el OO died beer Td) A errr 
nr ge cece [ermal Soro a FL 
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meine oe PP Beco Ae 2 Se. 

Mies T. Hamble: BOR Be BH Hon To Cee Poot 
dynam: Suareey of onlnicee pee cece ws 
* dames: Lee soo eed dat 
me ee RSs Eh 

Poor. A, pt. ol, Hep ed red, er Ee oe 
Ber BH. cee GR 2. Chee geothe of 
nie mee oe Ho ty ccs sel 
eer eee oreree “Tet |e 4 ae 
Fis ee i Bae Dl Crop A. Le Spe ed 
Hom See LUA St a — LA 
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ES ee See age eer eed (Ceo Le 
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Se aS SY Te eo deed debra 
prpecmmcce. Bie Coes alee Fre fed Ac — 7. 
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Photodynamic Cell-Kill Analysis of Breast Tumor Cells 
With a Tamoxifen-Pyropheophorbide Conjugate 


Ana Romande: Cacia’, Carbos Fenande:-Marona,’ Narasimha Swamy.” Darra Dunn, and Rahul Ray" 
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Breast cancer cantina to be a mugjor threat 
towards women’: health, and a ledmg couse of 
fatahty. Extensive raeorch hasemphsasred the 
witeal role of endogenous astrogen m the 
daveb ment and progression of brosst cancor, 
and atregasd the interachon betwen setrogen. 
and tia callolar receptor, aabrogen reap tar | ER) 
™m these procesam “Thou hl headed mola les 
eon taming asi edial and toons (ged anamyein, 
chisram tual, diynes| have hoon syntheizad te 
targat encesenous ER m hormonecametiive 
trae tumor br tomoraslective dahvery and 
tonetty as well a rmcdoimagmeg of tomor, 


"Fulaege: Falive Soo [esas cto (eet. qos 
Paco ba dde Quceeee Loreedad de Fea de ee 
de Vege Loree de Eee, Coe 
tes 

Ty nese! 

Crt aoa Cae Teckeabe Feo, Boao 
oe 

"ln erence Bale Flay Bees Cosrecsccp chr nl 
om ede -L2  e Serem eee Geert 
CP Lod. cee beesighes ad 

Aecerred OE! Dyer SUR: Accented ) Fecory ‘2 
Te) 11 bee 

a, Widery-Lem, lin. 


potentially taking advantage of the over 
apusaan dg ER m mor cells rmlathw ito 
healthy temum [Ruduk ot al, 146; Sieddan 
atal, 1599: Eeejeman ot al_ 201; Porohitetal_ 
S001; Sharma at al, SdH). These com ogatas, 
however, contain toxins that do mot have any 
parteuler tendancy i be retained by tumor 
fle Ad arawul tthe tacm partofthe bnkeddrog 
do not eoniribvte towards tama aceomulation 
a the enjugste. Conmderng that the ER 
anit df atregen+raeponave call is roughly 
1a oo per call (Wobb a al, 1942) ER 
bmding affinities of magority of thas com 
pounds are net high aieugh fr ther salectrve 

Porphyrin are photwanmiizers Thardiora, 
when tha oe expe te vechb Legit ther 
eatal ye the fhrmation of einglet acygen, that m., 
evtotante. In addtion, porphyrin haves usaol 
property of hem retained somewhat prefarcn 
tally by malignant teases, pom due to ther 
nig oe chemical structures Thu is the hast of 
Phated ynamic therapy of cancer (PDT) ahete 
at ol S001]. 

We hypothewzed that changcal comping d 
extra chal with o porphyrin oaght dimanish the 
ole depen dene y of the conjugate on ER tindmg. 
Resenth wa synthesized several setregen- por 
pliyTin aonjogeies to harness the tumor: rete 
ton property of porphyrma We showed that 
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hroma tumor cole, doapite low ER bnding 
affinities (James a2 al, 1958; Swomy ot al, 
20 Seamy ot al_ in prae] and sdectvely 
killed ER-postitws breast tumor cells (Swamy 
ot al im. peas]. 

Ae Tote aa rhar , etred inl 6 ing heated m the 
dadopmonmt and progroe 
As a Yealt i LL that Sirupe fie 

mn Feseptor modulators, SE Evia] hates 
bani devebped. Tamadion (TAM), a SERM, 
has enjoyed sonm@dershls accom in the har: 
Thone treasitnant of breast tamor | Dardas ot al , 
2002; Perk and Jordan, S00] Sevoal othor 
SEEMS are currently under various phass of 
elmical thale with | 


tan we deacrihe raeults of our Tibial offort * 
damonatr ate a patente — of MCP-i 


Sytithuaas of the TAM sn ye : 
juga te (TAM -Pyrea Schama 11, ineinded in this 
com mestion wee reported earlier in & 
BA mittee meting Sewemy wt al 201] Detedkend 
dawcription @f the anthets will be poh hehe 
mike ceo heer a 


Com pettne Binding Aseay of 
TAM.Pvn With ERe 


Som petty 2 ER bm ig analyas was carried 
sok tepinbtibaking ba culivieuiesr prised vaniene 
hmnt EFRae Pema@s, Madeon, WI) with 
0.1235 nM of [[H)-17 fewtrediod (ap. activity 
4 Citmmal) in the presences of DoeGang 
eonamtrations of wtradiol a TAM-Pyro (a 
denoted in Pig. 1), diganhed in 10 al of ethanol 
m an weay boffer (10 mM Tris, pl 74, 1 
ah earol 2m Moof menothogtvearal and 1 mem 
BSA, total valome 0.5 mJ) hr 15 hat 497. This 
was followed by the addition of hyd recy] anati i 
(HAP) lorry te remove protein hound te [“H]- 
LT fiat acdiol from unbound (7H) -17 feetrediol 
After eminfogetion and thre: washes with o 
wash bofior 40mM Tra, pH 7.4, 100 mM ECL 
ImM EDTA, 1 mM EGTA) the HAP pellot woe 
arebered to o sontillatien wal ond re: 
1m 2K) wl of ethanol Rachosshviy, 
heursl to the HAP-pellot was dotermined in a 
hgaxd sant lation cantor after thi addition of 
acTmtlatian ceckted. Tate) hmcding wes dete. 
mined by treating ER sich with ["“H]-17 
oatraca only, while err mdi woe 
doterminead by mewhating ER sample: with 
(7H-17 fiewtracial and 1 ver af aeivedinl: Silex. 
mum apeciic binding Gy) wae coleolaied by 
g“ihirastiing nonmecaice bindmg fom total 
ig, wale: Specie hamich rye 8) at onch 
Tam - apeeifc binding from binding at each con. 
aomitation Eaeh ssnceniration wae rum in 
tri piieate. 


Secheves Ty rthes of fa 
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Photedynasic Celli] Analysts of a T anaxtion- Porph win Conpigate 667 


0.001 601 0.1 1 10 
nM of Competitor 


feet Competitive (2 borg aeays of 1 AMP yo 
ext eo Pate | — 


Photodynainc Cell Kil Analysts of MOF-7 Cells 
Treated With TAM? yo of Pwopheaphorbide 


MCP.7 colk (ATCC, Manasan VA) wore 
grown in 0.5 ml of DMEM media ontaining 
1% antiiotes and 5% Stal bovine rum to 
approcimatady 605 confluence m 24-well call 
culture platen Then the coll were dosed with 
ethanol, or 5.3 Mof pyropheap hortade or5 34M 
of TAM-Pyro for @ min (pyropheaphoriade 
and TAM-Pyro were dimolved in ethanol, and 
required amounts wae diluted with DMEM 
media a that amount of ethanol was 0.1%). At 
theend d the meuhatian one plate was a powed 
te red ight fr 10 min and the otha was nat. 
Light exposure was carried out by placing the 


Plate 


coll culture plate m a side viewing box whom 
lighted surface was covered with a red plastic 
shest. (The lamp was equiitated fa 15 mm 
priorte placmgthe celleulturediahea Heat was 
dsapsted with a wmolng fan Trammittan 
@f the red fiter was dottamimed m a UV-VIS 
apectrophotometer (Hewlht-Packard, Maiel 
$453). Pluence was determmed by a Coherent 
Lasormate detetar with a 2.54 cm* dotectim 
area (total fluence was 3.4 Jem" )]. 

After the imadiation step, malin wore 
remew ed from both the plates and replaced with 
DMEM contaming 5% PRS and 1% antihiotks, 
and the coll were allowad to recover far 16h. 
Then the wells were washed twice with PRS 
(1.0m), and fixed by adding 1.0 ml of methanol 
(~20°C), and incuhatingon ie hr 20 mm. Thm 
methanel was aspirated off and the plates were 
died in ar fa 3 mm. One milter d 
methylone blue seluten (1% m 10 mM borate 
buffer, pH 4.5) was added to each well and 
incubated at 25°C fr 3) mim. The plates were 
washed three times with 10 mM borate buff, 
pH 4.5, andthe cell ware photographed with an 
inverted microscope fitied with digital imaging 
astem (Twin-Cam Digital imagmg system, 
Camdek Precision matramenta, Bostan, MA). 
The entire away was carried out three times 
and the photograph shown in Pigure 2 & a 
Toor Motta tive one. 


in the dark 


Vehicle Controt 


TANLPYTO = Pyrophreoplortite 


a (5.5uM) 


Plate exposed to light 


Vehicte Coatral 


TAS-Pyre = =—- Pew opheophorbide 


S35) {S3Mi) 
fe 2 Cnlholing eeayiol MP -7 onbs te eet woh predated Lea eps apo ape 


ned fight op kept om the Geek Colne Sgn can be wewed io he ooiing ue, 
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RESULTS AND D130 Latin 


POT isa less bee therapy for the trestment of 
aafly stage malimamey, palliative therapy br 
late stage diame, and for tumor bed sten bes- 
tim to dwetrey any meidual tumr cadlk 
datached during jeecton of any Metasted ad 
endl in the area of het Domination. In the VS, 
POT has been approved fbr early oF late atage 
lung cancer that are not amanehle to surgery 
cmiraetiive ceanhescel cancer, actinic kere- 
toeae of the aki, o woll as for age-related 
meatier dagenaration of the aye (Fisher ot al , 
1585, Aner Siogel ot al, 200K: Marmur et al , 
24). POT wae mveehigeted for pallistive 
treatment for th witensus meurrenm of 
hremat camear (Mang ot al, 1998; Alliaon ot al , 
Seu]. Reraity Fleets a al EGR neparted 
dday @f tumer growth m the POT @ a muorme 
ar thiotopae breast tomer medal 

A lmting feet in POT mvohes manfiemmt 
lecah zation af the POT dyes mito tomer leaching to 


2 FE 22 hr EAA 
ovaleqmmoant af POT ches thet lesshe o obo timors 


sits high deaeea of staatiomny hes baon a major 


chalenes. Sevaral matheds for tho am henesd 
sr ei rg gs eae rary, Paani 


Tuan at al, 20) Reeondthy unique mmone signal 
on the surface of carta concer calla have been 


micas een ogetieg FSET eee bs 


Cen the sibvais Hesal TAM . ey tie acl 


ser ae emer cee tained nh 

atetie affects in | ER postive and ER negative 
bream concer cde m vitro (Goldenberg and 
Proges, 1542). Por edeeal ly, TAM was found to 
atmulate edloler gravth in the endomatriom, 
piktines the euuian teking FAM inte pmall tat 
sienttica nt risk of andametral cancer (ards. 
et al, S002) The purzls was dacphared afer 
the diseevery af ERS phenotype [Poach ot al, 
1997) [twee ree aed that TAM ects oe on AP-1 
atte antagonistin ERe and AP-1 atte agoniet m 
ERA. It wa: ako daewaed that endemariul 
oe fredominanth eonimins ERA [Poach 

al, 1947). Theribra doalty of ssh of 
TAM is aerial fe tts uncketred migration mts 


Wo hypotheaaed that by chemical eonjo- 
anting TAM with a porphyrin it might he 
poagihils to mduee the dapandance on ER 
binding, and direst the eenjogete aketwaly te 
ole pe epee a proat of this 

we aynithetad a TAM porphynin 
conjigate Seheme 1) inthis ay nthete schame 
(2h4-hpdrmovtamonien Siema Chamical Go, 
St. Louis, MO), anwetoral ly occurring metabo 
of TAM and a atrong ER hinder, wae used wa tha 
garting matarial. Pyrophesphortida (Prentier 
Sa mes, Logan, UT), porphrrm, was attached 
to TAM vie a sovencar bon lang tether. 

Rawls of the ER bnding assays showed that 
and Es ware 22 and 1.0075 1M, reaepectively, 
ligestng &§ aevifcanthy bwer ER hndng 
atmity of TAM: Pores eeampared with E., Pig. 1) 
In o mecant etidy we observed that lar ER 
Up at o agmticantly bgher Seeenireties My 
ER-pogtve MCF. 7 oman breast cancer calls 
compared wit ER-nagative HesTst biden 
nga cancer colle, as well = damanstreting 
electra photatoety m MCP-T calls [Seamy 
ot al. 2k; Swamy ot al, sigh ipsa 
moulis suggested thet lew ER aii al 


uimeer-evtaintkis: pranerte efithe parpheein part 
ef the conjugate. In the same token we antie- 
peated that TAM-Fora, dapita bw ER bmdme 

ty ne ght be taken op by MCP: T celle, and 


diaplay G@ihanesd photatomeaty rdative to an 
equivalent amount @ pyrophesphorhide, the 
unconggetesd pony hymn. 

Targeting a nuckar component (ia, ER, s 
noe lear reaaptar) of tumer calls ter photetanicaty 
hs certain ad vantase. Por em ple, A chine 
et al 1ST] necantly damon ated that target- 
ng 6 nicl agnal m gioma coll with o 
chlsrin «4 conjugate dramatically mercesed the 

ote aa) -kal] relative te the on-eon- 
jugated parphyrin (chlorin aii) 

We men hated MCP-7 calls with 5.4 gM af 
paTonheshorhide a 6.4 eM of TAM: Ppro ior 
60 min m the dark followed by aquacure to red 
hght eer eee ee thos 
dows based on our aspenaice with aetrogen- 
porphyrin conjor ates Seam y ot aL, icortast on 
well aw Literatur preedora For asamp, 
Tama mote ot al. 2005) meanth earned out an 
in wits POT atudy of glial cells with «a dose of 
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45-20 agin of the porphynn In our cam, 


TAM-PYy ra. After tha ght eqpoeure the calle 
were alowed toracover br 16 hand methylene 
hloo amay was performed. This aay is rut: 
nedy used hr cal] wiahilty, beewoseonly the bre 
clk are stamed by methylene hlue, providing 
an Index far call wiahibty. 

Ae chow nin Pigore 2, oppor pana, wham the 
cell ware not coped te red Lght thare was no 


skmiticant coll-kill hy pyrephesphartida of 
TAM-Pyre. In contrast, when th clk wore 


engpecad te red light, strong call oD (reduced 
umber of viahk coll after 16 h of recovery 
peor ied) ved with TAM: Pyro (Pig. 2 
lower panol, middle figure, but hare was very 
little onl) dasth in pyrophs 
treated calls (Piz. 2, lowar nanal, right feurwil 
We have carmed out this amy thre times and 
Figure 21s erqnresnnitation of apical ama. Wo 
counted the rea calls after methylene hhe 
aaitant under o tierceopa There ware 
an proodmatay 1o— 15% of bve anda average of 
this ampament) in TAM-Pyra and light 
treated calls (Pig. 2, middle figure of the bottom 
panel) compared with 10¢Ke (ive calls) with 
vehiel s-traaied calle. In all sthar comes there 
we no aeifcent dfiramece between vohicl- 
treated calls and calle treeted with TAM: Pyro 


imo hgehdt or prrophemhaoriide 
The ahove roeulia strongly sugeest that the 
Mtetattion hetweon the ER im the 


cells and the TAM part of the TAM-Prro 
eanjigete might have cauaed a selective ac- 
mulation of the conjugaia into the eds, which 
Tested mo higher edb iD opon axpesore to 
Ted baht. It isto he noted that we did not um a 
ERtegaetve cal a control, bees TAM hae 
hen ghoen to bo affeties in bling ER- 
negative atl ake by an ER-mdependont path- 
way (Geldanberg and Frome, 1582] Such o 
phenomenon mig ht confound our phot yname 
eel) el] dete 

Om the otha hand, lock of eol)-dooth in 
perophegn her tide lighttraated cells maieated 
that sithar an Magmifeant amount of the dre 
was taken up hy the alk teceuse any cell doath 
ar jaTanheephorhida Leht trestmamt caused 
quickly. In the ferme case, mejorty df pyro 
pheophorde probe stayed cdiwohed in a 
large volo me ofthe media _Al though aqpoeore to 


Sebi prndocad evietane anglat omgen m the 


Teed ie ia el) aim the eels), these mokw ules 
@inglet orpezen| are very short-lved and travel 
weary ahort digtances torah any call-in the 
latter cam conmderahly higha dow of pro 
Phapharhide would have bam raquinmd io 
rmpart sieniticant eal] death. These results alan 
Slee tet m achnieal aetupeondderahly kes 
amannt ef the conjugate (TAM: Piro would be 
Tequirad te cauae mimoreal] dawth, thos avood- 
ng ade oferta 

In eommary, TAM-P ym, a TAM: py rophoo 
fhorhide sonjogete showed apectic hinding 
affinity far ERe and cieplayed atrenger coll. 
bling property in MCP:7 breest cancer colle 
amparad with eaean pete PRT ophaop har 
hideaupon eqnaaure to ted Leht Theredare, this 
conjugate is potentially o reagent for ER 
targeted POT of harmoenecamatins cancers of 
bret and other astroen-aanaiive ofan and 
tau. In addition the smpound might he 
davedd of sveteec adverse affects of tha corre 
aiding asian compounds However, tt 
show he noted that tha rapart inchides data 
that are prebminary m nature to hamcally 


provide the proof of the eaneept 


fram the Community Techndoagy Pond, Bostan 
University. The authors gratefully acknowl- 
edge the asaatance from Dr. Tayyaha Hosen, 
Miasee no satts Gomer al A op tal, Bowton, MOA m. 
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Abstract 


1,25-Dihydroxyvitamin Ds (1,25(0H Ds), the biologically active form of vitamin D has strong antiproliferative effects in cancer cell, 
But it is highly toxic at therapeutic doses. We have observed that 25-hydroxyvitamin Ds-3-bromoacetate (25-OH-D,-3-BE), a derivative 
of 25-hydroxyvitamin Ds, the pro-hormonal form of 125OH).D, has strong growth-inhibitory and proapoptotic properties in hor- 
mone-sensitive and hormone-refractory prostate cancer cells. In the present investigation we demonstrate that the antiproliferative effect 
of 25-OH-D-3-BE is predominantly mediated by VOR in ALVA-31 prostate cancer cells. [In other mechanistic studies we show that the 
proapoptotic property of 2540H-D,-3-BE is related to the inhibition of phosphorylation of Akt, a pro-survival protem. Furthermore, we 
carried out cellular uptake and serum stability studies of 25-QH-D5-3-BE to demonstrate potential therapeutic applicability of 25-OH- 


D,-3-BE in hormone-sensitive and hormone-insensitive prostate cancer. 


© 207 Elsevier Inc. All rights reserved. 
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Prostate cancer is the second leading cause of cancer 
death among men in the US. Although it mostly affects 
elderly men, the number of younger men with prostatic car- 
cinoma is significant and increasing. Change in life style 
and increase in longevity has further emphasized the need 
for the eflective treatment of prostate cancer, particularly 
those cancers that do not respond to androgen-ablation 
therapy [1] The current clinical interventions for prostate 
cancer include surgical removal of prostate, radiation, 
cryotherapy and chemotherapy. However, these climecal 
strategies ure associated with life-altering side effects 
including, but not limited to, incontinence and impotence. 
The mainstay of hormone therapy to reduce the level of 
testosterone and block its harmful effect in the develop- 
ment and growth of prostate tumor mcludes agents that 
are involved im androgen-deprivation and androgen recep- 
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tor antagonism. However, for prostate cancers, localized 
and/or metastatic, which fail to respond to androgen-abla- 
tion therapy no therapy ws currently avaiable. 

Numerous epidemiological studies have demonstrated 
the importance of dietary vitamim D in preventing various 
cancers [2-4]. In addition, the therapeutic potential of 
lo. 25-dihydroxyitamin D, (1,25OH)},D,), the biologi- 
cally active metabolite of vitamin D, and its analogs either 
as monotherapy or in combination with chemotherapeutic 
agents in cancer is well-documented [5-13 Although some 
undlogs (¢.¢. EB-1089) have shown promuse (14,15), and 
Calerpotriene (Dovonex) has been approved by FDA for 
psoriasis, availability of efficacious vitamin D-based cancer 
drugs with low toxicity has remained elusive. 

The design, synthesis and development of non-toxic 
analogs of vitamm D has focused primarily on chemical 
modifications of various parts of 1.25 OH})D, because this 
dihydroxy metabolite of vitamin D3 1s biologically the most 
active form of the hormone. Although 25-hydroxyvitamin 
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D, (25-OH-D;), the non-toxic pre-hormonal form of 
1.25(O0H),D, has long been considered to be biologically 
inactive, two recent publications demonstrate considerable 
antiproliferative activity of this molecule in prostate and 
pancreatic cancer cells underscoring the potential of 25- 
OH-Dy, as a potential antiproliferative agent for prostate 
cancer therapy [16,17). We reported that 24-hydroxyvita- 
min D,-36-(2)-bromoacetate (25-OH-D;-3-BE), a deriva- 
tive of 25-OH-D;, shows strong antiproliferative and 
pro-apoptotic properties in a host of androgen-sensitive 
and androgen-refractory prostate cancer cells suggesting 
a translational potential of this compound in prostate can- 
cer [18] In the present study, we investigated mechanistic 
aspects of the growth inhibitory and pro-apoptotic proper- 
tics of 25-OH-D,-3-BE in prostate cancer cells. We also 
carried out cellular uptake and serum-stability analyses of 
this compound in view of its translational potential. A 
thorough understanding of the molecular mechanisms of 
25-OH-D,-3-BE in human prostate cancer cells will aid in 
the development of this compound as a potential chemo- 
therapeutic agent for prostate cancer. 


Vlateriak and methods 


Compounds, 2340H-D,--BE and 2Shydroxyvitamin [,-37-[24C} 
bromoacetate [C-25-OH-Ds--BE] (sp. activity 14.3 mCi/mmol) was 
synthesized according to published procedure: from our laboratory {1%}. 
25(26-7H 2 S-Hydrosxyvitamin D-3f-bromoacetate (7H-25-OH-D,-+- HE] 
(sp. actrvity (102 wCiumol) was synthesized by spiking a sample of 25- 
OH-D, with (2526-HES-hydroxyvitamin D, (50,000cepm, specific 
activity 20.6C1/mmol and treating the mixture with bromoacetaic aad, 
dicyclohexylcarbodiumide and 4-4.N'-dimethylamimnopyridine m anhy- 
drous dichloromethane, and purifying the product by preparative thin 
layer chromatography on a silca plate with 23> ethyl acetate in hexanes 
as eluant / 19). 

Cell culiure, ALVA-31, DL-145 and PC-3 cells were purchased from 
American Type Culture Collection, Manassas, VA; and were grown in 
RPMI 1640 or DMEM media (Gibeo! containing 9% fetal bovine serum 
(PBS) ALVA-31 VOR-sense and VDR-antisense cells were grown in 
RPMI 1640 contamimng 3% PBS and 400 pwefmLb C418 (Invitrogen). 

Celluiar proliferation assay. ALVA-31 human prostate cancer cells 
were stably transfected with an antisense VOR expression vector and an 
empty vector, and assayed for their response to 1,284 OH Ds or 25-OH- 
D,-2-BE [20] Antsense cells (2000 cells/well) and vector control cells 
(1000 cells/welll were seeded in 24 well dishes and allowed to attach for 
l6h. The cells were treated with 1.25 0H),D,, 25-0H-D,-3-BE or ethanol 
control, and incubated for 6 days with treatment changes every 2 days. 
Monolayers were harvested after six days for DNA quantitation by the 
Hoechst 23255 fluorescence assay [21]. Triplicate determinations were used 
to calculate the mean DNA concentration +/— standard error. 

Phosphorylated Alt analysis. PC-3 cells were crown to THEO con 
fluency in RPMI media contaming 10% FBS in 25mm tesue culture 
dishes. The media was replaced with media containing 10-° M each of 
either 1,25(0Hi2Ds or 25-0OH-D.-2-BE or ethanol control and allowed to 
incubate 24h in a humidified 37°C, 8% OO. incubator. Following the 
treatment, the cell monolayers were washed with | ml cold PBS and then 
lysed in 100ul RIPA (30mM Tris pH 74, 1% Triton X-100, 0.3% 
deoxychohic acid, 0.1% SDS, 130 mM NaCl, 2mM EDTA, 3)mM NaF 
and | mM Na. V¥Oy) containing Roche Complete Protease Inhibitors. Cell 
lysates were subjected to centrifugation (13,000¢, 15 min) and the clarified 
lysate was collected and the protein concentration determined by Bradford 
Assay (Bio-Rad). Electrophoresis was performed using 10% SDS-PAGE 
gels and 40 ye of lysate per lane followed by transfer to Immobilon 


membrane (Millipore), Membrane was blocked wath PBS contaming 3 
non-fat dry milk and 0.08% Tween-20, probed with ant-ephospho-Ser4 7+ 
Akt antibody and ant-Akt antibody (Cell Signaling Technologies) and 
detected by enhanced chemiluminescence | Perkin Elmer). 

Cellular uptake of “C-25-O8-D,-3-BE in DU-145 cells, DU-14$ cells 
were grown to approximately SP? confluence in 35 mm dishes in DMEM 
media containing 10% PRS and additives, and incubated with “4C-25-0H- 
Do-3-BE (10,000¢pm in 10 wl of ethanoliin | ml of the media at 37 °C for 
&) min. Following the incubation media was withdrawn and the cells were 
washed thoroughly (5 5 ml) with phosphate buffered saline (PBS). Then 
S ml of methanol was added to the plate and the cells were scraped off with 
a rubber policeman. ‘The plate was washed thoroughly with 31 ml of 
methanol and 2=1 ml of PBS. Combed media and cell extracts were 
lyophilized and re-dissolved/suspended in 3 ml of water. The aqueous 
mixtures from cele and media fraction were extracted with 5%2 ml of 
ethyl acetate. The organk extract of each fraction was dried under 
nitrowen and redissolved in the mobile phase (10> H-O-MeOH) for 
HPLC analyse. These extracts were analyred by reverse phase HPLC 
using an Agilent 5 wm Cy. column, 10> HO in methanol mobile phase, 
L.3mljmin flow rate, 254nm detection wave leneth (for the unlabeled 
standardsi in an Agilent Series 1100 HPLC system with photo diode array 
detector. Effluent from the HPLC was directly introduced into a Radi- 
omate Online radioactrity detector (Radiomatic Instruments, ‘Tampa, 
FL\. Prior to the analysis of the organic extracts, a mixture containing a 
standard sample of 25-OH-D>-3-BE was analyzed by the same system. 
‘This assay was run in duplicate. 

Serum-stability of 7H-25-OH-D,-3-BE. A 0.5 ml aliquot of a pooled 
human serum sample was incubated with *H-25-0H-D,-1-BE 
(LO.000e¢pm, dissolved in 10 wl of ethanol at 27 SC for 60 min followed by 
extraction with 10”0.5 ml of ethyl acetate. The organic extracts were 
dried under a stream of argon, redissolved in mobile phase (10% HO in 
methanol) and analyzed by reverse phase HPLC as described before, 
except in this case fractions from HPLC were collected manually at one 
min intervals. The fractions were mixed with scintillation cocktail and 
counted for radioactivity ina scintillation counter. A solution containing 
standard samples of 25-OH-Ds and 2540H-D+3-BE was run in the HPLC 
as a standard. 


Results and discussion 


The antiproliferative effect of 25-OH-D,-3-BE is mediated 
by FDR in ALF A-3] prostate cancer cells 


In previous studies, we described that 25-OH-D,-3-BE, a 
derivative of 25-OH-D, that affinity alk ylates the hormone- 
binding pocket of VDR [22], strongly inhibits the growth of 
several androgen-sensitive and androgen insensitive pros- 
tate cancer cells via induction of apoptotic pathways [18]. 
We also demonstrated that 25-OH-D,-3-BE induces 
lx25-<dihydroxyvitamin D-24-hydroxylase (24-Q)Hase) 
promoter activity, and promotes strong interaction between 
VDR and general transcriptional factors RXR and GRIP-1 
(18) These results suggested that the cellular activities of 
25-QOH-D,-3-BE are similar to those of 1,75(OH)})Ds;, and 
mediated by a VDR-activation pathway. 

To confirm that the growth mhibitory properties of 25- 
OH-D;-3-BE are mediated by its interaction with VDR, we 
performed cellular proliferation assays in ALVA-31 
“VDR-null” prostate cancer cells. We argued that since 
erowth inhibitory effects of 1,25(0H),D, 1% mamifested 
Via its interaction with VDR in ALVA-31 cells [20] if the 
antiproliferative eflects of 25-OH-D,-3-BE ts also modulated 
through VDR, we can expect that 25-OH-D;-3-BE-mediated 
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growth inhibition of ALVA-31 cells would be either elimi- 
nated or diminished in cells transfected with a VWDR-ant- 
sense vector. 

As shown m Fig. 1 growth of VDR-sense cells (empty 
vector) is strongly inhibited by 107'*° M of 1,25(OH}:D,; 
as reported earlier [20]. Conversely, the growth of antisense 
cells treated with 107'® M of 1,25(OH)2D3 is similar to 


that of ethanol-control, confirming the requirement of 


VDR in the antiproliferative activity of 1,25(O0H).D, in 
ALVA-31 cells. In the case of 25-OH-D,-3-BE, 107°M 
of this compound strongly inhibited the growth of empty 
vector (sense cells), while growth of anti-sense cells ts sim- 


ilar to that of ethanol control. However. with 107’ M of 


25-OH-D,-3-BE, the growth of both sense and antisense 
cells are sumilar to that of the control. This result is in 
accordance with our previous studies where we observed 
the antiproliferative eflect of 25-OH-D,-3-BE is strongest 
at 10-* M dose, and decreased significantly at lower doses 
(18). Overall, the result of this assay strongly emphases 
the requirement for VDR in mediating the antiproliferative 
elect of 25-OH-D,-3-BE in prostate cancer celb. 

We observed that 25-OH-D,-3-BE is approximately one 
log scale less effictent than 1,25(QH).D4 in inhibiting the 
erowth of wild type ALVA-31. Earler we reported similar 
dose-dependence (of 25-OH-D;-3-BE) mn modulating the 
message for 24-OHase and inducing interaction of VDR 
with RXR GRIP-1] transeription factors [18]. Differences 
in the potency of vitamm D analogs to induce vanous 
gene-regulatory events through VWDR have been reported. 
For example, 2MD, an analog of 1,25(0H)2D, shows a 
range of sensitivity for regulating gene expression from 
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Fig. 1. 20H-D,-3-BE mbibits the growth of ALVA-31 prostate cancer 
cells through a VOR-dependent mechanem. ALY A-31 control (vector) 
and ALVA-31 VDR “null” cells (antisense) were treated with the 
indicated doses of 1280H\,D,, 2O0OH-D,-3-BE and ethanol control 
for 6 days. Monolayers were harvested for DONA quantification, Each 
condition was conducted in triplicate. Values are presented as mean DNA 
concentration + standard error. 


EDs, = 1g" mol/L for the up-regulation of RANKL to 
ED,, > 107" mol/L for induction of osteopontin and 24- 
OHase in mouse osteoblasts [23]. Somilarly, it was shown 
that RO-26-9228, an analog of |245/0H),D, has an ED.,, 
of 2.1* 107" mol/L for the induction of 24-OHase, and 
an EDs, of 2.7 x 107° mol/L for the induction of Calbindin 
D9K in Caco-2 cells (24) Therefore, the lower efficacy of 
25-OH-D,-3-BE compared with 1,25(0H}2D, in modulat- 
Ing fene-resulatory events 1s not unexpected, 


25-OH-D;-3-BE inhibits Akt phosphorylation in PC3 
prostate cancer cells 


Previously, we reported that 275-OH-D,-3-BE induced 
nuclear DNA-fragmentation and activated caspases 3, & 
and 4, hallmarks of apoptosis, in PC3 cells while an equt- 
molar concentration of 125(/O0H).D, and 75-OH-D, failed 
to do so (18). Induction of caspases and fragmentation of 
nuclear DNA represent downstream signaling markers of 
apoptosis and these markers are regulated by their 
upstream modulators such as Akt kinase. We postulated 
that induction of apoptosis by 25-OH-D,-3-BE might be 
mediated by the down-regulation of Akt-activity resulting 
in the observed up-regulation of pro-apoptotic proteins. 

Akt (ata protem kinase B, PKB) is a serine/threonine 
kinase that t involved in signal transduction by phospho- 
inositol-3'-kinuse/Akt pathway. Aktis involved in a variety 
of normal cellular functions. In addition, Akt has profound 
eflects in tumorigenesis, cell proliferation, growth and sur- 
vival. Recently it has been shown that Akt regulates Gi 1) 
cell cycle progression and cyclin expression in prostate cun- 
cer cells [25}. Another study showed upregulation of Akt 
and other growth promoting signaling molecules m malig- 
nant prostate epithelial cells [26]. We postulated that mduc- 
tion of apoptosis by 25-OH-D,-3-BE might be mediated by 
the down-regulation of Akt-activity resulting in the up-reg- 
ulation of pro-apoptotic protems. As shown in Fig. 2, we 
observed sigmificant inhibition of phosphorylated Akt im 
prostate cancer cells treated with 25-OH-D,-3-BE, while 
Akt phosphorylation was unaflected by 1,25(OH)D,. 


TC a a ee 


Pig. 2. 25-OH-D,-3-HE inhibits Akt phosphorylation in PC-3 prostate 
cancer celle, PC-3 o¢lls were treated with equimolar concentrations of 
L2590Hi.D,, 25-OH-D.--BE and ethanel control and Western analysis 
performed for phosphorylated Akt (p-Akti, The blot was stripped and re- 
probed for total Akt to ensure equal loading of protein m the lanes, 
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These results suggested that 25-OQH-D,-3-BE may exert its 
antiproliferative effects, at least in part, by inhibiting this 
pro-survival pathway. 


25-OH-D;-3-BE is taken up in its ntact form by DU-145 
cells 


The antiproliferative and apoptotic activities of 25-OH- 
D.-3-BE in prostate cancer cells strongly endorse its poten- 
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tial as a therapeutic agent for prostate cancer. However, 
evaluation of this potential requires examination of its 
pharmacadynamic properties, including its bio-availabuility 
and stability in serum. 

25-QH-D,-3-BE contains a hydrolytially unstable ester 
bond andits hydrolysis would produce equivalent amounts 
of 25-OH-D, and bromoacetic acid. In an earlier study 


we demonstrated that the growth mnhibitory property of 


25-OH-D,-3-BE t related strictly to the mtact molecule 
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Fig. 3. 2§-OH-D,-3-BE is taken up by DL-145 prostate cancer cells in its intact form, DU-145 prostate cancer cells were treated with “C-25-OH-D,-2-BE 
and HPLC analysis performed on the media(.A) and whole cell extracts (8). Fractions were counted for radioactive content. Hydrolysis of “C-25-0H-D,- 
3-BE producing unlabeled 25-QH-Ds and “'C-bromoacetic acid is shown in the top of the figure. (Ai Media extract; (B) Cellular extract. Position of the 


2540 H-D, peak (retention time 7.4 min) is shown with an arrow. 
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and its hydrolysis products [18]. Therefore, we carried out a 
cellular uptake study of 25-OH-D,-3-BE in DU-145 cells. 
The goal of this study was to determine whether we can tso- 
late 25-OH-D,-3-BE in its intact form from cellular 
extracts. For this study we employed a radiolabeled version 
of 25-OH-D4-3-BE, ic. 25-hydroxyvitamin D4-3p42'"C)- 
bromoacetate ('“C-25-OH-D,;-3-BE). We argued that 
hydrolysis of '“C-25-OH-D3-3-BE should produce unla- 
beled 25-OH-D, and radiolabeled bromoacetic acid ('C- 
bromoacetic acid) (Top panel, Fig. 3). Bromoacetic acid 
is a polar molecule and therefore it will not be extracted 
from the media and cellular extracts by an organic solvent. 
Therefore, the presence of a radioactive peak correspond- 
ing to 25-OH-D-3-BE would represent intact 25-OH-D3;- 
3-BE. 

HPLC analysis of the organic extracts of media and 
DU-145 cells incubated with 'C-25-OH-D3-3-BE demon- 
strate that chromatograms of both media (Fig. 3A) and cel- 
lular fractions (Fig. 3B) contam a single well-defined peak 
at 17.9 min representing ““C-25-OH-D,-3-BE (Fig. 3, mid- 
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dle and bottom Panels). There are low-level and unresolved 
polar peaks in media and cellular extracts, particularly in 
the cellular extract, possibly representing alkylated small 
molecules derived from the buffer (alkylated proteins are 
usually not extracted from aqueous phase by an organic 
solvent, like ethyl acetate used im this study). Collectively 
these results strongly suggest that 25-OH-D,-3-BE 1s taken 
up by the cells in its intact form. 


25-OH8-D-3-BE is stable in huenan serum 


Serum-stability 18 an important aspect of a potential 
therapeutic agent, because it determines the availability 
of the molecule in its intact and bioactive form. This study 
required that we incubate human serum with 25-OH-D;-3- 
BE and then carry out an organic solvent extraction and 
HPLC-analysis of the extract. We argued that “C-25- 
OH-D-3-BE, used for the previous study, could not be 
used here, because hydrolysis of 'C-25-OH-D4-3-BE 
would result in a loss of radioactivity (as “C-bromoacetic 


(FH) 


15 A 25 a0 


Time in Minutes 


Fig.4. 25-OH-D,-2-BE t stable in human serum. “H-25-0H-D,-3-BE was synthesized and incubated with human serum, followed by extraction with an 
organic solvent, and HPLC analysis of the organic extract. Fractions from HPLC were mixed with scintillation cocktail and counted for radioactivity. 
(Upper panel Representation of the hydrolysis of “H-25-OQH-D3-3-BE leading to the production of “H-25-QH-Dy and unlabeled bromoacetic acid. (Lower 
panel) Peak indicating intact “H-25-QH-D,-3-BE. Position of the 25-0H-D, peak (retention time 74 min) is shown with an arrow. 
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acid) in the aqueous phase. Therefore, in order to deter- 
mine the extent of hydrolysis of 25-OH-D,-3-BE in serum 
we synthesized *H-25-OH-D,-3-BE in which the radiolabel 
(*H) is in the 25-OH-D, moiety. Hence, its hydrolysis 
would produce *H-25-QH-D and unlabeled bromoacetic 
acid (as noted in Fig. 4, inset); and the organic extract will 
thus contain a combination of 4H-25-OH-D, and *H-25- 
OH-D,-3-BE if hydrolysis occurs. 

The results of this assay (Fig. 4) show that the majority 
of radioactivity i concentrated in a single peak corre- 
sponding to “H-25-OH-D-3-BE. The absence of a radioac- 
tive peak corresponding to *H-25-OH-D, (hydrolysis 
product) indicates that *H-25-0/H-D3-3-BE is fully stable 
under these experimental conditions. Absence of hydrolysis 
also suggests that 25-OH-D,-3-BE maintains considerable 
bio-availability in its intact form to attest its potential as 
a therapeutic agent for prostate cancer. 

In summary, results of the studies described herein 
strongly suggest that the growth inhibitory properties of 
25-QOH-D,-3-BE are mediated by a VDR-dependent path- 
way similar to the native hormone, 1,25(O0H),D,, while 
its apoptotic property 1s manifested via activation of Akt- 
phosphorylation pathway. Additionally, results mecluded 
in this communication demonstrate favorable phramaco- 
dynamic properties, mcluding cellular uptake m mtact 
form and serum-stability leading to the belief that 25- 
OH-D,-3-BE can potentially be developed as a therapeutic 
agent for prostate cancer. 
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gairesc amd Ado leseing of Gey eo ee et DP ed ALS 


1. hereliog Gon 


Cimon apeatic component (Gc) or wham D-tendme 
poten (DBP) o ag anmey phoeylaied and polmorptic 
om podem The te major phenotypes are Cocl and 
Gece? ddfienng fom each othe by for (4) geno aces in 
ihe prmary sirac ture as well as srocure of atiached poly 
qo hride (acl & forthe dinaded mip two subtypes differ. 
et hi PMY stoctore a well as structure of the atlached 
carbo hydrates [1-31 

DBP es a molfone bona! podem [4) bs hendang of wie 
mon 1 and es meibolies has heen stoded see eely 
Fading i te undertandms thai OEP & reeporable for 
lhe siepe ee ace wien of wun to i bydro iam 
D, (7$0H-D,) and fimly i it phyiologlly 
Mos active melaholtie, latidinydroywemm (OO, 
(LAYOHEDy. b a ako meee mi the trazeponasen of 


* Cara poco oot Seer. Pa tf) ae Ae 
Fewat! aa er se abu cc 1K Kari 
T 


Cee - ee oot oer 0 Hee ee AS) ye ee 
cfc) 0 Vey Secs pe 2 


these anal mokoule jo ong and celb wherever they 
are required. ln addreon DBP plays an megral role m 
the concdleing ac Rn acne ans system mi plas Pima 
_ severe filament of F-actin, and DO BP hinds io act 
manamer (awe) wrth bach affinety, Gre preveniing Go 
acm in polymere wed clog arenes dug oll-ayory 
and tyes [46 Presence of actan—-D8P complies mm the se1a 
fe. inophohlasec embol, sewre hepatis, aoe lng 
myary, 6. positive y mnpicaies DEP mi thromboews and 
heart attack (7) DEP alien homds chemotactic agents suck 
aa (Sa gd 4a des Ag, ths enc: oo mpleament acts 
Wik on neato pll chemotoes: (29) Porthermor, a 
picttranslaoily modified fonm of DEP ( ORP-macro 
phage acivaiins factor, GPa) has been shown to have 
atin Mac phe and ose oclastacivatng (10-H] and 
Ai D-ae n a penne res [14 1a 

In addin io ahowe properies of DEP and fis denwa- 
ive (O BP), DEP fends satoraied and mated 
ity acids with high affindty (A, — 10-10" M—'), similar 
io plasm ALB [IT | However cermin dfieencs do 
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eat For esample, Ena 2#t ol demoneiraed that mole 
min af Gite aed, bound to homan DEP io DEP ow O4 
campared with 12 for homan ALB IS) Porthenmare, 
monty of DBP boomed fatty aceds are neon ormto ied 
or aturied, and abondance of poly uewiuraied fatty 
achds it les then 4% (of the tot) boond fit acs) [PL 
Another merit oleervaton mdedes compe tiem 
teteeen wiamin 0 sterols and fatty acids on terme of hend- 
mg to DBP For euumple, @ was reported thal pody-unad- 
wailed Getty aceds, such as arachidore of mole ace, 
strongly compe wrth MWH-Ch and 1, S¢OH i), for 
binding to DEP, mm sharp conimat wih asturaied faty 
gs fealrutoc ced, whoo fle rn seep chica cocern fre 
fon (0) Purthenmore, Bouillon a@t al. observed thai 
ad are on of broman AL Bin os pwns ca) ALBCDEP rato 
did not empaur the inhwhwory effect of ieee acad towns 
BPH. hein 2 (0), 
DEP and ALE m@ tenes of Getty aced-hendeng moi be 
rélaied to the actu) bending process between these prcdees 
and Qty ack, whech, m tom, nu git be relaied wo ihe 
Tecan wnoinmeni of the fatiy acd-hmding pockets of 
these pnieme. ln onde io evalu the posehdinty we syn. 
tesind several reactve esters of “Copalmite acid os 
potential affraty Inheling reagens for OEP and ALE. 
Kewolts of these stodess and fier probable physio 
mpicwiins ae dacmeed mm thes report 


lL VWiaeh ad eds 


Ported human DEP wa obumed fom ommercully 
hum, MLA) by a gwd affrety chromwtograntoc method 
developed im cur laboraiory (21) Defatted bowie 
ALB (BGA) and af ceeaemk wer | d from 
fapeic actwaty 36 mi fm) whch was a product of 
NEN. GoPiart, Bceinn, M44. 


Di Syerkesis (Pig. i) 


faulmtoc ad were syd seed by dacycloh evyicorhewie mete 
Sean af palmie aod oweth 3 AN-bydrowy- 
SnOmn imede. or o-mebrephen ol mm the pressnce of a cota 
amicon = af 5 ety enone (OMAP) m@ 
andro: dach bonome thane. Synthess of WR K-polmiat 
was cummed cat by treating palmetc aad wth A-ethi-4- 

phen v-nooas um 7-sulfomie (Wondwasd’s reagent 
K] and tiethylamine mm aceite Prodact fom each 
Tecan was pomfied by preparative chromatography on 
glia plate: (Amaiiech, Vineland, KUL and each product 
wos Gwacenced by MM EK. Hadinacine syn thess was oo- 
med col ea. jhe mune way euoept palmitec aced waa 
replaced wath | ~falmete aed Prodects from the edi nac- 
tre reaction were soled by TLC matching woth corre 
apondiine una ead oo mpc necks. 


ntl rie A el 


poetics (4). Pvelircyoiat id 
Cpabieare /C! 


Twenty mame each of BSA and DEP mi 
20 gl of TEST offer 0 mM Tree L, 10 mM Mat, 
i3mM EDTA, 1% Triton X- 000, pH £8) were tread 
with Wl imdo-"*C: palmitate (Al, punitre 
phesryl ‘(pain tate (2), or WRK.“ paimitae (0) (each 
1,000 cpm) at 280 dor 2b Parade aumpies af RGA and 
DEP containing additional sodin ji palmnate (le mo 10 pl 
ad trofier) were aieo treated the sume way. Atthe end of the 
enperment al the samples were analysed on a 72% 5 DS- 
pohcaniumde ge, followed by drymg the gel and scom- 
nig od fade bety mi a Baoan phosphonmager. 


27. Affi Labelbg emedies 
pile Nite paca ciara“ 
Me alain (8), ard HORI 


There 6 a reuriaiie stroctura] hom ology amc AL, 
DEF, afeto pmoiem (AFP) and atoren, renbidinis af tie 
aihumim gene Godly, Al @ese proven hae modular 
cirocturess wath fires domaum (domes 41!) aid tagh 
cystemecomtent | 22) in the cose of DEP of the (ys rea. 
dos (ot) 24 are ouadiced to fon 14 deli bond 
in comtrad, ALB onnims ever] fee slp yin poo 
i is premary stroctwre. Furthermore, DEP has a shorter 
domaan I] than ALB These stoctum) difffexce may 
eign gom funcional difieencos: between DEP and 
ALE For oetunce, viamin 5 steroe- and (-2cim ban die: 
and relied funciiem: oe gmgue to DEP. On the othe 
hand, DEP pees relainely weaker bndmge for fity 
atds compared with ALB. Porthenmore, OEP oon a 
mmle highatinety fatty acd ae compared to 
ALB wioch oontames several bew- and high-aitinedy bending 
ates [OEE din ALB these bende ete are diated am one 
wn danas of the poem, atthoogh hesh-afinity 
handing aes ore located in domain 111 (73) Moreover, as 
desonted earher DEP, mm omtast wrth ALB die nis 
between ature and uneiwaeed Goy aceds m terms of 

AD the ahove oteervations poet io difleremce mm the mai- 
mre of tinding between ALB and DEP and Gty aca, 
chach im tom may he relied to he Gt ad-hoc 
pocks! sirocture of these profes. Affinity and phow 
atiraty label ng tech ques: have been wed wadely io probe 
funding pockets and catalytic acine ate: of receptors and 
tech moques, and others to probe the wien 0 ond acon. 
handing domwun structurs of DEP, aden gio crystal struc 
ture of the DEP-actn oom ples (35) 

In the current study we syrthesmed radiolabeled ver- 


moms of thee reaciwe eters of palmate acid io probe 
the Gity acd-bemding pockets of DEP ond ALB We 


Chom palawac aad a satwated Gty aad as ok] 
teavee DEP fos a propemsty ip find aatuaed and 
Mons-umatrated fatty ads sinonger that poly-amwto- 
rated fatty ada [1920} 
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Reed employed WRE-'SCpalmiae (CC) © affinity 
bel the Oty aod-bending pockets of howe serum 
ALB (36) in oor cose, cubation of a sample of bomen 
serum DBP (hOB) wth WREK-'SC-paimitat (CC) cove 
ety bhekd the protean w deermmed by auinradioge 
poy (Fig. 2, lame 1) When te mocohaton was canned 


fog. 2 ksReety fhe g of SD weet Sr ae 
2 EP wee cesta a Se 2 W RE-“ (parece mi om 
(lame Vic Ge geese of a coe of oda padre Cece 2). The 


pele oi tha idea mates treighe eielind ad ageneot 


23 Sr =e 


Sat ee eee ee pee oe Soe sear ai 
me was completly oblteraiead (Fig. 2, lane 2|- 

resolis atrengly medicated that WRK NC paiminte (C i 
apecionliy labeled the palma ood-fdey pee mo 
hOBF. Vee rents alo suggested that suet and 
dems) exworment of the fatty aod-hmdaig pocket 
af DEP and ALB ore sender. 

Suny other aciwied avers of palmwte aod Le 
Minvwdreoyruccined yi nainetat 6A) and tre 
pian yi palmitate (6) fuled to label DHF in the pures- 
ene of mm the aheence of an sucess of econ : 
ln the cose of BSA, A Seyelrecr yc dell 14° alert nie 
(A) Gied to label this protan, But, p-nitrophenyl. C- 
jlnwiaie (| labeled BSA, ond lobe lene was mreficunil 
rédueed on the presence of an exces of polite aed, denci- 
int pectic Inheln g of the fatty aced- hin & poked (resol 
ent. abereer n |. 

Cadlestivey tie ahowe revo hs soagest that chemo) eer- 
Tonk emminonmens of the Gty aoed-bmding pockes of 
DEP and ALB are difereni, so that ALB oun inlera@e a 
hydrophobe: je-miopheny| a well as a bydrophibe 
(Wooded K reneent | head gop at the aurhow tenon 
of poimec aed Bot, Biv aed-binding ete of DEP con 
only aoc coda a polar ond Swtienoec head group 

Aube emi is a tare heredh tory diwsase an whoch the 
affected ndinaduas have very low of meglahie avant of 
qrcoluiing serum ALB [90-39) We sured thai ance 
both ALB and DBP bem ttt aos woth fog affinety, 
DEP may replace ALB mi carryans faty ads, parocularly 
aurated and mono -nmioaied fatty aces in te cose of 
low of fewashle amount of arcultng ALE However, 
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results of the study dened mm the com uci su- 
west that chemi) and electromee eoemonme nt of the fatty 
ach herdins poe bets of DBP ond ALB nog be deferent 
Aga fest tending ad taersporaton of vanow fatty 
acids moght be diferent Thos, DBF may ot replace 
ALE m@ tne of fatty aod saver and transportation. 
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Covalent labeling of nuclear vitamin D receptor with affinity labeling reagents 
containing a cross-linking probe at three different positions of the parent ligand: 
Structural and biochemical implications 
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Anti-growth Effect of 1.25-Dihydroxyvitamin [D,-3- 
bromoacetate Alone or in Combination 
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10 25-Dahydrosyvitamen Ds (1,25(O0H Ds) has shown strong promise a5 an anb-proiteratve 


agent in several malignancies, yet ts Merapeutic use has been femited by its toxicity leading to 
search for analogs with ant-tumor property and low toxicety. In this study we evaluated the in 
Wiro and a vivo properties of 1 25-cihydroxyvitamn Dy-3-bromoacetate (1,25(0+H}pDs-3-BE}, 
an alkylating denvative of 125/OHbDy a5 a potential frerapeutic agent for renal cancer 
Dose-response of T25/OH}D+-3-BE in two Kidney cancer cellHines was evaluated for its 
antorolfeatve and apoptotic properbes, and mechanisms were evaluated by Wester Blot 
and FACS analyses. Therapeutic potential of 12570H)D.-3-BE was assessed by 
determining its stabdity in human serum, and evaluating ts efficacy in a mouse xenograft 
model of human renal tumor Vie observed that 1,25(0H),D,-3-BE is signticanty more 
potent than an equivalent concentration of 125/OHbDs in mhibitieg growth of A436 and Caki 


1 human kidney cancer cells. 1,25(/OH_)D.3-BE-medaied growth inhibifon was promoted 


trough inhibition of cel cycle progression by cownveguiateg crcim A and induction of 
apoptosis by stimulating caspase actwity. Moreover, 1.25/O0HbD:3-BE strongly inhibited Akt 
phosphonrdation and phosphorylation of its downstream target. 2B. 125OHisDs3 
BE appeared to be stable in human senem_ In xenograft mouse model of human rena! tumor, 


1.20 OH bDs-3-BE was more potent at reducieg tumor size compared to 1,25(0H}Ds which 
Was accompanied by an increase in apopotosss and reducton of cyclin A staining in the 
tumors. These results suggest a translational potental of this compound 26 a therapeutic 
agent m renal cell carcinoma. Data fom this study and extensive studies of vitamin D for the 
prevenbon of many malignancwes support the potential of 1,254OH},D.-3-BE for preventing 
renal cancer and the devetooment of relevant m-vio preventon models for assessing this 


pobental, which do not exist af present. 
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INTRODUCTION 


Kidney cancer is among the ten most common cancers mn men and women and its rate has 
been increasing steadily over the past tree decades. The Amencan Cancer Society 
estimates that there were approximately 57.700 new cases of kidney cancer in the United 
States im the year 2008, and approximately 12,990 people died from this disease (1). Renal 
coef carcmoma (RCC) accounts for an estenated 20-25% of all kidney cancer and has been 
Increasing at a rate of aporoximately 3% per year in the United States and Europe. 
Approximately 50%. of locaiced ROC develops mio a metastatic disease withm a relatvely 
Short time frame (2) In agdttion, RCC charactenstcally produces no symptoms dunng its 
initia’ growth, making earty diagnos: dificult, and is generally resistant to convenbonal 
chemo- and radiation therapies (2, 3). Curent therapeutic opbons meclude radical 
nephrectomy for any stage disease and immunotherapy for advanced and metastatic stages. 
Ant-angiogenic agents and Rat-kmase-nihbiing small molecules have also shown promise im 
beating RCC, but are not curatwe 4-5). Cleary, more effective therapies and novel 


of thes disease are needed. 


approaches to tres 


Numerous epidemiological studies have demonstrated the importance of vitamin D, dietary or 


othenwise. im preventing vanous cancers (7). Additionally, the therapeutic potential of 1025 


dihydroxyviamin Ds (125(O0H Ds), the beologically active metabolite of witamen D, and its 
analogs in cancer is well-documented (8). However, the inherent calcemec toxscity of this 
hormone, particularly in pharmaceutical doses, has prevented its general use a5 an 
anbcancer agent (9-11). Thus, development of whamin OD analogs exhibiting potent 


antiproiferatve achwity but reduced systemic toxicity has become an active area of research 
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(Bi). 


We have developed novel analogs of 1258(OHbDs and fs pre-honmonal form, 25 
hyaroxyvitamin Dy (254OH-Ds), that speciically bind and label the ligand-binding pocket of the 
nuctear receptor for 1,25(/0H Ds (wita 


(0 receptor, VOR) (12, 13). Previously, we reported 


that 10) 25-dihydroxyvitamin D.-3-4beon 


state (1,25(0H},D.-3-BE} and 25-hydinoxywitamin 


Ds-3-bromoacetate (25-OH-0:-2-BE), VDOR-alkylating denvatves of 125/OH})Ds and 25-OH- 
Ds, respectively, are more potent than 1.25/0Hb-Ds in promoting antproliferatve effects on 
human cancer cell mes, iInduding hommone-sensitve and homwone-insensitive prostate 
cancer cell fines (14-17) Lange ef af. also reported antproiteratve and apoptotic etects of 


25-OH-D.,-3-BE in high risk neuroblastoma (18). 


In thee present study we compared the m wiro and in veo growt-inhibitory propertes of 
1,20(0H bDs-3-BE T25OHieDs in human renal cancer celis and examined potental 
miletular mechanisms underlying its acivibes. We observed that 1,25{OHbDs-3-BE is more 
potent than 125(0H}Ds im mhibiting the growth of A498 and Caki 1 renal cancer celk. 
MMechanisheally, 1,25(0H_Dy-3-BE-mediated growth mhibibon of renal cancer cells was 
associated with an increase in apoptoss, armrest in the SM checkpoint m the cell cycle, and 
inhibition of Akt-phosphoriation. i nude mice 1250HieD:2-BE was more potent af 
reducing xenograted tumor size compared to 125/OHbDs which was accompanied by an 


Increase In apopotos:s and reduction of cycin A staining in the tumors. 


MATERIALS AND METHODS 


Matenals: 1,25/OHbDs-3-BE was synthesimed according to our published procedure (18) 
10,25-Dehydrexyvitamin Ds-3-[1-“Clbromoacetate (“C-1,25(/0H})D<-3-BE, specific activity 
14.3 mCummal) was. synthesmed by replacing bromoacetic acid in the synthetic scheme with 
[1-“C}bromoacetis acid (sp. activity 14.3 mCiimmol, DuPont, New England Mucear, Boston, 
AAD. lt radiochemical purty was ascertained by co-HPLC analysis with a standard sample 
of 125(/0H),0,3-BE 125/0H}D, was a generous gift from Dr. Mian Uskokowic, Hoffman 
La-Roche, Nutley, NJ. Concentatons of 125;/0HbD: and 1230Hb0:3-BE were 
determined spectrophotometnicaly using an extinchon coefficient of 168.400 at 265 nm_ Pumty 
of the compounds was determined by HPLC amalysis (normal and reverse phases) 
LY24002 was from Cel Signaling Technology (Danvers, MA) 44098 (HTB-44) and Caki 1 
(HTB-46) cell imes purchased from ATCC (Manassas, VA) and maintained m DMEM 
wih 10% FS. 3-4 weeks old athymic male mice (average weaght 20 om) were purchased 
from Taconic Fans {Germnantewn, NY) and maintained m an AALAC-approved anenal care 
facility at University School of Medicine. 


Cellular Proliteraton Assay: Cellular prolfterabon was measured usmg the TACS MITT 
Cel Profferation kit according to fre manufacturer's instructions (Trevigen, Garthersburg, 
MD} Briefly, A438 and Caki 1 cells were plated m O6-well plates at 1000 cells per well 16 
hours later, cells were Teated with 125(0HLD.3BE, 125(/0H)D, or ethanol (vehicte) 
coniradl in media containing 5% FES. The medium containing compounds was replenished 
every 2 days. After 7 days, MTT solubon was added to each well, and the plates were 
incubated at 37 C for 3 hours followed by tee additan of detergent reagent The plates were 


incubated at 25°C for 14 h and absorbance at 570 nm measured on a microplate reader 


5 


(opectramax 180 Plate Reader, Mobecular Devices, Sunnyvale, CA). 


Caspase acivity assay: Caspase activity was detenmined using the Apo-ONE 
Homogeneous Caspase-aiy assay according to the manufacturers instrachons (Promega, 
Madson, Wilh. Caspase 27 actviy was determined following treatment of Caki 1 cells for & 
hours with T24OH_Ds 125(/0HD:3-BE or ethanol (vehice) contol, Fluorescence 
released following cleavage of fe profluorescent substrate, 2-DEVD-110 was measured af 
the emission maximum of 621 nm. The amount of fluorescent product generated is 


representative of the anvount of actwe caspase-3/7 in the sample. 


Cell cycle analyse and sub GOiG1 DNA content: A499 ces were plated at 5x10" cells in 
10em tissue culture dishes. 16 hr later the cells were treated wah 1,25(0H})Ds-3-BE. 
125(/0H Ds or efianal control for 6 hr. The celis were trypsazed, collected and centrifuged 
at 1500 rem for 5 min. They were re-suspended in 1.5 ml saponin/Pl solution (0.3% saponin 
(ww), 2.5% Pl (av). 0.1 mM EDTA, 10 pgiml RNase in PBS) and incubated ovemight in the 
dark. FACS analysis was performed using a Beckman Coulter FICSD0 flow cytometer. ModFit 


LT software (Venty Software House, Topsham, ME) was used for analysis. 


Western blot analysis: A499 and Caki 1 cells were plated at 3” 10° cells in 6 cm tissue 
culture dishes. 16 hr later the cells were treated with 125(/0HbD.-3-BE_ 125/OHbDs of 
ethanal (vehide control). At the indicated fimes, the cells were washed with PBS, scraped im 
PBS and collected by centnfugaton. Total celular extacts were prepared by re-suspending 
the cell pellets mn RIPA butter (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 
SOS, 20 mM Tres, pH 7.5} containing 50 mM NaF, 1 mM sodium vanadate (NayVOy} 


protease inhibitors (Protease Inhibitor Cocktail, Sagma-Abarichn, St. Lous, MO} Following 10 


a | 
| 
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man aecubation of the samples on ice, the extracts were cleared by micro-centifugaton for 10 
min at 14,000 rom, supematants were tanstered to new tubes and poten comcentraton of 
each extact was determined by Bradford assay Samples were separated on 4-12 MES 
MuPAGE gels (Invitogen, Cartsbad, GA) and tansiered to PVDF membrane. Signals were 
detected by enhanced chemiluminescence (Perkin Elmer, Boston, MA) and autoradiography. 
The antbodies used were ant-Aki and anti-phospho Akt (Ser 473) (Cell Signaling, #2272 and 
woe? 1 respectively), anti-phospho-caspase-2 (Ser 196) (Santa Cruz, #11755) anti cyclin A 


(Meomarkers, Rib-TO48) and ant-O actn (Sigma, #45441). 


Serum-stability of 1,25(OH).0.-3-BE: Pooled human serum (1 mil) was spiked with “c- 
1,25/0H},0.-3-BE (100,000 com) for one hr at 37°C followed by extraction with 5 x 1 mi of 
ethyl acetate. Combined organic extract was dred under argon and the residue was re- 
dissolved in a small yodume of 5% H2eO-MeOH, and analyzed in an Agilent 1100 Senes HPLC 
system (Thenmo-Fisher, Waltham, MA), connected to a Packard Flow Scintillation Analyzer 
(htotel mo. TS0TR, Menden, CT), usang 6% HeO-MeQH as mobée phase, flow rate 1.5 mlimin, 
detection 265 mm {for non-radioactive matenals), Agilent 019 analytical cofwmn (Then 
Fisher, Waltham, WA). Porto the analysis of the radicactwe sample a mixture of standard 
samples of 1,25/O0HbDy and 125/OH)0:-3-BE was analyzed under same conditions of 
HPLC-amalysis. 


Renogratt tumor growth in athymic mice: 3 Cak 1 cells were grown, trypsinized and re- 
suspended in PBS to obtain a concentration of x10" celis/100 pL. Cell suspensions (100 pL 
aliquets) were inpected subcutaneously m the flanks of athymic mice. When tumors grew to 


approximately 100 mm* the animals were Separated into 6 animals per group, and were 
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treated with 1,25(0Hb_Ds-3-BE, 125/OH}Ds (dissolved in 5% dimethylaceimide in sesame 
oil, 0.75 porkg body weight'100 ul}, or vehicle by mtrapenteneal injection every third day. 
Tumor size and body weegnts were measured on days of injection. Treatments stopped once 
the control group tumors. reached an average volume of 1.5 cm? when animals were killed. 
Tumors Were excised and stored in 10% neutral buffered formaiin, and blood samples were 
ooffected by candiac puncture. Statstical analysis of tumor size was cared out by Students t- 
test Serum-calcum of the treated animals was measured according to manufacturer's 


Instruchons (Quanticwom Calcium Assay Kat, FDIC A-500, BioAssay Systems, Hayward, GA).. 


Histochemistry: Mouse tumors were fixed in 10% neutral buttered formalin for 46 hours 
before tissue processing into paratin wax. Five micron sechons were cut and mounted onto 
positively charged slides. Hematoxylin and eosm iH & E) staming was performed using 
Standard methods. Brey, sechons were deparaffinized wih xwene, mused through graded 
aloohols and hydrated to wate The nuclei were stained for 5 manutes im Hams hematoxylin 
(Anatech, Battie Creek, MI), differentiated in acid alcohol (1% HCl in 70% aloohol by volume} 
and 1%. ammonium hydroxide. The non nucear ements were stamed with alcoholic eosin 
(Anatech, Battle Creek, MI) for 3 dips and dehydrated through graded alcohols to myiene. The 
sechons were covered with cover slips using Cytoseal 60 synthetic resin (Richard Allan via 


Themmo Fesher, Waltham, fMA/. 


Immunohistochemistry: Antibodies for cyclin A (LabVisson via Thermo, Waltham, MA | were 
ophmized for immunotstochemistry on the Ventana NexES autostamer (Ventana Medical 
systems, Tucson, AZ) at an operating temperature of 37°C. 5 um fresh cut paratin sections 
were deparaiinized in xylene, nnsed in graded aloohots and hydrated to water Antigen 
reineval was peromed in a Decloaker chamber for 5 minutes af 125°C (22 psi). The retneval 
a 
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soeuton was pH 9.5 BORG. Pomary antbody for cydin A was used at 1-100 and mcubated 
for 30 manutes. A Ventama -VIEW detection kit was modifed to only detect rabbit antibodies 
by substituting a biotewlated goat anti-rabbit secondary iJackson ImumunoResearch, West 
Grove, PAI diluted 1:50 in PBS pH 7.6. Sechons were counterstained in Mayers hematoxyin 
for 2 munutes, dehydrated in alcohols, deared in xylene and coverglass mounted as for 
histoachemestry. 


Pathological analysis: H&E stamed and anti-cyciin A stained tesue secbons of 
SuUbCUTaNeOUS tumors were examined by a single pathologist (M.S_L.) blinded as to the 
treatment group. On H & E sectoms, the number of apoptote bodies in the turmors per 10 
random hegh power (400x) felds was recorded for each animal. For cyclin A analysis, the 
percent of brown cyclin A postive tumor nuclei was. assessed for each tumor, counting 500 
nucte| in multiple random fetcs. 


RESULTS 


120/0H}pDy-3-BE ts more potent than 1,2370H}sD5 in inhibiting the growth of renal 
carcinoma Celis. In ths study, we examined the effect of 1,25(0H}:D;-2-BE on the growth of 
the human renal cancer cell lines A408 and Caki 1. Cells were teated with 1250O0H_Ds2 
BE or 1 25(OH Ds and cellular proiteraton was quantitated by MTT assay. In both A428 and 
Caki-1 cells, treatment with 10°M 1,25/0H}D.-3-BE almost completely inhibited cellular 
prolterabon, while an equivalent amount of 1,25(0H}0, inhabited growth by approximately 10 
percent (Fig. 1}. Caki 1 cells were more sensitive to 1,25(QH},D.-3-BE than were A486 cells. 
Approximately 80° growth-inhibition was observed with 10°M of 1.25(0H}D:-3-BE in Caki 1 
oes. while approximately 20° growth inhibibon was obseved im AAZ6 cells (Fig. 1. These 
demonstrate that 125/OH)D:.2-BE elicits stronger antiproiferative effects in A425 


and Caki 1 cells compared 1,25/OHbDs on an equimolar basis. 


Liner MiKrosoMnNc visualization, we noted distect morphological changes in the appearance 
of both A486 and Caki 1 cells in response to 125/OH)oD.-2-8E treatment As shown in 
Figure 16, after & Ar of treatment with 125/O0HbDO.3-5E, both At8d and Cal 1 cells 
dismayed cell rounding and began detactung from the plates. interestingly, cells treated with 
125/0H bDs did mot display these characterishes and exhibited mocphological features similar 


to wehicdle Peated control cells. 


1,23(0H},D,-3-8E promotes G2/M arrest of 4495 cells. The cefular mechanism(s) leading 
to growth inhibition by 1,25(OHieDs are complex. In prostate cancer cells, 1,25(0H Ds 
causes cells to arest in the Gels; phase of the cell cyge (20). Thes effect ts thought to be 


mediated by mcreased expression of the cyclin-dependent kinase (CDE) inhibttors p2t and 
ll 


p2/. and other cell-cycle regulators (21, 22). To examine the effect of 125(0H}pDs-3-BE on 
cel cycle progression in AFG6 cells, we measured cell cycle disthbuton by flow cytometry of 
propidium meide stamed cells followimg @ hours exposure to 1,25/0H}Ds-3-BE_ 
125/0H Ds, or ethanol (vehide control). As shown m Fig. 2A. the cell cycle disinbutions 
were similar in control and in 1,280HbDsTeated cells. However, cells, Teated with 
1,20{OHDs-3-BE showed an approximately 2-fold increase in fe relatve proporbon of cells 
In S2/M compared to control and 1,25(OH}2Ds treated cells. In addition, a population of cells 
with a sub-dipiosd DNA content appeared suggesting that 1,25/OH).0.-2-BE may activaie a 


G2/M checkpoint arrest in renal cancer cells. preventing progression through the ced cyde 


1,23(0H)Ds-3-BE reduces the level of cyclin A in A498 and Caki 1 cells. Cyciis control 
progressson throwgh the cell cycle via their association wth cyclin-dependent kinases. Cychm 
A controts the tanston from G2 to mites and is expression has been shown to have 
predicive valve m the cimecal stages of renal cancer (23, 24) Due to our observation that 
125(OH_Ds-3-BE armrests cefis in the G2/M checkpomt and the importance of cyclin A in 


renal cancer, we mvesbgated cyclin A expressson in A426 and Caki 1 cells teated with either 


12.0 bDs or 12570H_D:2-BE Wie observed that 6 hour treatment of Caki 1 and A42e 
cefs with 10°M 1.25(/0H})D+-3-BE strongly reduced cyclin A, while the same concentration of 
12o.OH Ds failed to do so (Fig. 26) indicating that 125/0HbD:3-BE may cause arrest af 
the G2/M checkpoint m these cells through down-+eguiabton of cyclin A. 


123(0H},D,-3-8E treatment induces apoptosis in Caki 1 cells. Cellular growth mhibibon 
mediated by 125/OH).Ds correlates with mcreased apopioss in some studies. For example. 
It is reported that 1.25(OHbDs induces apoptosis in LNCaP prostate cancer and MCF-/ 


breast cancer cefis (25, 26). but this result & not universal (20). Previously, we reported that 
] 
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120(OHbDs-3-BE induces apoptosis in PC-3 prostate cancer cells (15, 16). Thus, we 
Investigated fee role of apoptosis in 1,25/0HbD.-2-BE-mediated growth inhibition of renal 


We observed rounding and slougheng of cells treated wih 1,25(OH:Ds-2-BE, but not with 
120}OH bDs of vehicle control in both Caki 1 and A@6 cell lines (Fig. 1B). To determine f 
the sinking morphological changes in kidney cancer cells in response to 1,.25/OH)9D<-3-BE- 
treatment are related to induction of apoptosis, we periormed flow cytomeinc analysis of 
nucdear DAA content following exposure to 12 o(OH},D.-3-BE or 125/0H)0D, in Caki 1 cells. 
As shown in Fig. 34, Gre sub4G0s1 (hypcxiploid) fraction, mdicatve of apoptotc cells, was 
equivalent between control and 125/O0H}-D-treated cells (83-11%) However the 
1,20{OH bDs-3-BE-treated cells showed a large increase mn his sub-GO'G1 populaton (74%). 


Caspases are a family of proteases which play an essential role in apoptobic cell death, and 
Caspase-acivaion © considered a hallmark of apoptoss. To examine role of 
1,25(OH bDs-3-BE in caspase activabon, we perfonmmed a caspase activity assay on Caki 1 
ceis following teaiment with 125/OH Ds and 125/OH_D.-3-BE. This assay detects 
actvaton of caspases 3 and / through Cleavage of a fluorescent substrate specific for 
caspases J and /. As seen m Table 1, mo caspase actvity was observed in cells Peated wih 
ethanol contol or 125(/OH_Ds However, strong actvation of caspase 3 and / activity was 
observed in cells treated with 1,25(0H),0,-3-BE. Taken together, the results of sub GO/GT 
DONA analysis and the caspase activation assay demonstrate the ability of 1.25/OH),0.-3-BE 


bo stimulate apoptosis in renal cancer meiis_ 


1,23( 00H }sDy-3-8E inhibtts Akt phosphorylation in Ad$8 cells. To investigate the molecular 
] 
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mechanism of 1,25/0H_D.-3-BE-nd@uced apoptosis in renal cancer cells cells, we exammed 
the achvaton status of the prosurvival kinase, Akt in A#Z6 cells. Akt is actwated by ats 
phosphoraton at tweonine 208 and senne 4/23, events whch promote cel survival and 
prolierahon (27). Therefore, we analyzed the actvabon status of Akt by enmunoblot analysis 
weth an antibody specticaily recognizing phosphorylated Akt (ser 4/2) folowing treatment of 
A493 and Caki 1 cells with 125(0H—Ds or 125/0H_D:3BE. Results of this analysis are 
shown in Figure 36. 1,25(OH_Ds-3-BE strongly reduced the level of phosphorylated Akt in 
both cell lines. An equimolar concentration of 1.2 5(OH}.D. atso reduced Akt phosphorylaton, 
but to a much lower extent fran did 125(0H},0.-3-5E. These results suggest that the 
apoptobe function of 125/OHbD.3-BE in renal cancer cells may be mediated, at least 


partially, by inhibition of segnaling throwgh the Akt pathway. 


Caspase-8 is a downstream tanget of Akt. Actrated (phosphorylated) Aki phosphonates 
caspase-2 on senne 190 and mhibits its protease activity leading to cell survval. Thus, a 
potental molecular mechanigm whereby 1.25(0H0:-3-BE promotes apopiosis centers on 
the ability of 125(0H_Ds-3-BE to inhitet Akt actvabon resulting m incressed caspase-2 
activity. To address this hypothesis, we examined caspase-2 phosphorylation m Caki 1 cells 
folowing treatment with 125(0H)D;-23-BE and 125/0HpDs As shown in Fig. 30, 
125/OHbDs-3-BE, but not 125/0H Ds, mhibited phosphorylabon of caspase-0. As a 
control, we used the PISK/AKt mhibitor LY204002 to confirm that inhabten of Akt actwity leads 
to decreased phosphoraton of caspase-2. These results further implicate Akt and its 
downstream target, caspase-0. a5 targets for the molecular mechanism whereby 


12o{OH bDs-3-BE promotes apoptosis in renal cancer cells. 


1,25(0H):D:-3-BE is stable in human serum. HPLC-profile of “C-1,25/0H}oD.-3-BE. 
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incubated in human serum for 60 min at 37°C shows a single peak (Fig. 4B) that matches 
with the peak for a standard sample of “C-1_25/OH}.D:-3-BE (Fig. 44}, indicating that “C- 


1.25(OHDs-3-BE is stable in human serum at 37°C for at least one hr. 


120/0H}Ds-3-8E inhibits tumor-growth in a mouse xenograh model. 

The effect of 1,25/0HbDs2-BE on the growth of renal cell tumors was evaluated m 
Menograhts in mude mice. Caki 1 cells were mpected subcutaneously in athymic nude mice and 
allowed to grow until the tumors reached approximately 100 mm-* in size at which time 
120/0H_Ds-3-BE, 125(/0H Ds or vehicde contol were admestered. In companson to 
125(/0HbDy-3-BE and 125/OH Ds treatment, the vehicle-treated control animals. generated 
tumors which grew rapedly throughout the time course. In contrast, the tumors m the 
1 204 OH bDs-3-BE-Teated group showed a sagnificant reduction in size compared to contral 
animals tumors and 1,2570HieDs-2-BE was more effectve than 1,25V0HieDs m mhibiting 
tumor growth (Fig. 54) To examine potential tosic effects of 1,25/OH»_Ds-3-BE teatment, the 
body weght of the mice were cdetenmmined each time compounds were administered. As 
shown m Figure 5B, we did mot observe a diference m body weights between any of the 
treatment groups. importantly, senum calcu values of the 125(OHbDs and 1,25/0H}Ds-2- 
BE-feated animals were mot significantly diferent from the vwehicecontrol (Fig. 50) denoting 
of fowncity. Collectively, these results demonstrate that 1,25/OH bDs-3-BE 6 an effective 
agent at reducing renal cancer xenografts an appears to be well tolerated at thes dose and 


Gime course 


1 237/0HDs-3-BE reduces cyclin A levels and increases apoptosis in tumor samples- 
We observed ssgniicant ehibition of cyclin A levels in our cell culbare modets of 1,257 OH bD+- 


S-BE acton. Therefore, we examined cyclin A staining m tumors from mice treated with 


125(0HDs-3-BE, 125(0Hb_Ds and vehicle (contol).  immunohistochemecal analysis. of 
cyoin Am the xenografts demonstrated signitcant reduchon in the percentage of cells having 
nuctear cyciin A staining wih both 1,25(/OH Ds and 1,25/OHbDs-2-8E (Fig. GA) Importantly. 
the reducton in cycdin A was more pronounced im tumors denved irom 1.25(/0H)D:;3-BE 
treated animals (Fig. 6). 


Because we obsemved potent stimulabon of apoptoss by 125/OHb)Ds-3-BE in witro, we 
examined the presence of apopiobe bodies, as an indicabon of apoptosss, in the xenografts. 
The number of apoptotic bodies per high power feki was mcreased in tumors from the 
1,25(0H)Ds-3-BE treated animals suggesting that 1.25(OH}oD.-3-BE stimulated apoptosis in 
vivo (Figs. 86 and 60). However, 125(OHbDs did not significantly increase apoptosis in the 
wenograts. These findings are im concordance with our observatons compared to 
125,0HbDs 1.25(0HbD.-3-BE ts a more potent inducer of apoptosis mn renal cancer cells m 


DISCUSSION 
There i5 a paucity of informaton about the effect of 1223(OHb_Ds and fs analogs in renal 
cancer, Nagakura ef al. demonstrated that 125/OH}:D, and some of its metabolites mhibited 
the growth of renal cancer cell line KU-2 (26). In addition, Fuzioka ef af. demonstrated that 
125(0H Ds mvhibited the growth of mumme Renca renal cancer cell line-induced tumor in a 
mouse model (20) These results suggest potential utility of 1,25/0H Ds and its analogs m 


treating renal carescer. 


We observed that 125(/0H.D,3-5E gc a signicanty stronger antprolferative agent 


compared with 
wenograt tumor model (Fig. 5) (Greater efficacy of 125(0H})Ds-3-BE compared to 


squEmolar amounts of 125OH)Ds both in vero (Fig. 1) and im a mouse 


1204 OH bDs can potentially be explained by tts proposed ability to titrate and engage al VDR 
mieculies, due to the kineBc nature of the alkylaton process. This is an mmportant 
consideration in cases where VOR level is low. For exanupée, Trydal ef af. detenmmed VDF 
level in 23 pomary renal cell carcmomas and compared these levels woth autologous normal 
kiney tissue. They reported that VOR levels for the renal cell carcinomas were 


aporonimately three times lower than autologous normal kitney tissue (30) We evaluated 


VDR levets in Caki 1 and A-25 cells, treated with 1125/0 bDs 1,25(0HbDs3-BE or vehicle, 
and observed comparable levels of VOR By immunobéot analysis suggesting that changes in 
VDR levets do not reflect response to 1,25(0H)D:-3-BE (data not shown). 


In Gaki 1 cells, we observed 1,25/0H},D,-3-BE induces apoptosis, m addition to cell-cycle 
armrest as evidenced by sub GO'S1 DNA anafysis and arrest at the G2. checkpoint (Figs. 2 
and 3). 125/OHhD.2-BE also strongly stimulated caspase 3/7 achyity, a hallmark of 


apoptosss (Table 1). The mducton of apoptoss by 1,25(O0H ED, has been shown to involve 
] 
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up-regulation of pro-apoptobe Bax amd Bel-AL, Becl-2 family proteins that regulate fe intrinsic 
pathway for apoptotic induction (25, 26). However, in A486 cells 1.25(/0H)D:-3-5E (as well 
as 1.25(OH}oDs) faded to actvate these protems (data not shown), suggesting that activabon 


of caspases (by 1.257 OHjeD.-3-BE) m kidney cancer cells may follow a diferent pathway. 


Akt is a serine/threonine kinase which ts activated by many signals in a phophatdylinosatal-2 - 
kmase (PISK dependent manner (31, 32). Akt is involved in a vanety of normal and 
bumongenic functions such as cell proiferabon, growth and survival. Hara ef al. screened 45 
tumor samples from renal cell carcinoma pabents and reported that phosphorylated Akt 
EXPTESSION increased signiticanty in comparison io asseciated normal kidney tesue and that 
an Akt inhibitor induced apoptosis in KUTS-20 and Caki-2 cells which have hegh Akt activity 
(33) We observed that 1.25(/OHbD:-3-BE strongly inhibited Aki-phosphorfaton im At98 and 
Caki 1 cells (Fig. 36). indicating that the abdity of 125/OHbD:2-BE to mbit Akt actvation 


May be critical in the molecular mechanism of its acbon. 


Caspase 8 is a downstream effector of Akt-actwity. As presented in Figure 38, we obsenved 
complete mhibibon of caspase-2 phosphordaton following 1,.25(/0H)D:-3-BE treatment of 
Caki 1 cells. Interestingly, 125(/0HbDs did not inhibit caspase-2 phosphorylation, potentially 
revealing a key mechanigam explaining the observed differences in the abdity of 1,25/0H}sD.- 


S-BE and 1,25(OHbD, to promote apoptosis in renal cancer cells. 


The stabéty of a drug in serum 6 a key phammacokmetc property. Serum stability is 
paricularty enportant for 1,25(OH bD.-3-BE, because it contains an ester bond which may be 
prone to hydrolysis by esterases. Therefore, we detenmmed the stability of 1,25(OHhDy-3-BE 


in human serum. HPLC-profide of an organic extract of a serum sample, spiked with “C- 
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1,25/OHb)Ds-3-BE showed the intact peak of “C-1,25(OH}Ds-3-5E after one hr incubation at 
37°C (Fig. 4). This result attests to the stability of 125(0H)D.-3-BE in senum, and enhances. 


its potental as a therapeutc agent 


In order to evaluate the potential of 1.25/OH}Ds-3-BE in renal cancer, we carned out an m 
vivo study with an athymic mouse model of human remal cancer. In this study we cbsenved 
that tumors in vehicle-treated, control, animals grew rapidly throwghout the time course. 
signiicanty, 125{/OH.D.-3-BE, but not 1,25{0H},D, inhibited tumor-growth (Fig. 5A) 
reflecting the in wire growith-inhibatory property of 1.25(0H),0,-3-BE in kainey cancer cells. in 
addition, higher eficacy of 125(0HD;-3-BE im inhibiting tumor growth compared to 
125/0H Ds was reflected by decreased cyclin A nuclear staining and increased apoptosis im 
the tunmvors (Figs. G4-C). it ts noteworthy that the molecular weeghts of 1.25/OHb_D.-3-BE 
and 125/OH Ds are 537.80 kD and 410.65 KD respectwely Therefore, f we conser 
equimolar concentrations of these compounds, 1,25(0H}:D;-3-BE ts actually approxmmately 
1.2-fold more actve than 125/O0HbDs. 


123OHDs-3-BE did mot show significant tonicity 25 reflected in the gross body weights of 
the animals throughout the study (Fig. 5B). As indicated in Fig. 5B 1,25(/OH}-Ds apparently 
caused some weight-gain. But, upon statstcal analysis body-weights of 125/0H}sDs - 
tPeated animals were not sagniticanty offerent from other groups (vehidecontrol and 
124OH).0D.-3-BE) Furthermore, serum calcium values were not signticanty diferent 


among the groups (Fig. 5). 


We have demonstrated that 1,.25/OHbDs-3-BE covalently attaches to the ligand-binding 
pocket of VDR (13), thus possibly making it less prone to catabolic degradation and higher 
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actvaton of VDR. it can be argued that such a process may lead to ‘apparent hegher dose of 
1253/0 bDs and enhance toxicty. But, increasing the efectve dose of 125/OHbDs by 
covalent labeling aloo means fat we will require less of 1,25)/OH}>D+-3-BE to bong about 
Signiicant effect. We chose a dose of 0.75 porkg for both 1.25{0H EDs and 1.25(0H)D.3- 
BE at whech level nome of them showed any toxicaty (Fig. 58 and 51. 


In summary, fre results presented herem demonstrate that 1,25{(O0H}D--3-BE strongly 
Suppresses growth of kidney cancer cells in viro and tumor growth in vwro. These studies 
suggest further pre-cimucal investigabons, and continued mechanistic mveshgatons. of 
125(OH bDs-3-BE in mhibiting renal cancer tumongenesis are warranted to evaluate its 
banslational potental as a therapeutic agent in renal cell carcoma. Considered together 
with extensive data on viamin D im vanous cancer-preventon settings, these results afso 
have important inlicatons for renal-cellcancer preventbon. There are, however, no 
precinical amavo models, for example genetically engmeered models, for prevention research 
in this Seting, and so such models should be developed for studying the witamin D analog 
reported here a5 well as for studying other potentially effectve preventive agents. Such 
prevention study would be especially relevant for people aft a high nsk of renal cell cancer 
(34-30). 


FIGURE LEGENDS 


Fig. 1. 125/0H)Ds-2-8E 6 more potent than 1,25(0H})Ds in inhibting the growth of renal 
carcinoma cells. (A) A426 cells (lef panel) and Caki 1 cells (nght panel) were treated with 
vanous doses of 125(/0Hb_Ds-3-BE or 125/OH Ds or ethanad (vehicle) After seven days. 
MTT solution was added to each well and absorbance read on a microplate reader. 
Absorbances ftom tfeated cells are plotted as percent of vehicle. Eight replicates for each 
treatment was performed. Ermor bars represent standard emor of the mean (SEM). “*, p<0_01: 
““" pa.001. (Bi Morphologic appearance of GCaki 1 and A408 cells following treabnent with 
12Q,0HbDs-3-BE Cells were feated for 4 br (Caki 1) and & hr (A435) with 10°M 
125(/OH Ds, 1,25(0H}Ds-3-BE or ethanol control and phase contrast photomicrographs 
were obtamed at 200x onginal magnmticaten. The expenment was repeated three times and 


representative fields are shown. 


Fig. 2. (A) 1,25(OH}D:-2-BE armrests AFS6 celis in G2M. FACS analysis was performed on 
Pl-saponin-stained A498 cells treated for & hr with 10°M 1,25(0HpDs, 1,25(OH}Ds-3-BE or 
ethanol (venicle) contol. The percent of cells in GOiG1, 3 and G2M phases of the cell cycle 
were calculated using Modft software. (B) 1.25(/0OH)Ds-3-BE reduces cyclin A levels m Cal 
1 and A498 cells. A408 and Caki 1 ces were treated with 10°M 1,25(OH}2D5 (D). 


1,25(OH Ds-3-BE (BE) or efianol control (E) for hr. Whole cell extracts were prepared and 


Westem analysis penormed for detecbon of levels of cyclin A. OD-Actn was used a5 a 


Joading control. The results are representative of fwo independent expenments. 


Fig. 3. 1.25{OHbDs-3-BE promotes apoptosis of Caki 1 ces. (A) Sub GO/G1 DNA FACS 
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analysis of Caki 1 cels treated with 125/OH_Ds or 1.25/0HbD:;3-BE. Caki 1 cells were 
grown to 60-70% confluence, and then were incubated with 10°M of either 1.25/0H Ds or 
125(OH bDs-3-BE for 8 hours. The celts were harvested and stained with propidium bodide_ 
Fluarescence was measured in a FACS analyzer (B) 125{OH}D:-3-BE inhiets 
phoesphorgaton of Akt m A428 and Caki 1 cells. A499 and Caki 1 cells were meubated with 
510M of 1,25(/0HbDs and 1,25(OHbDs-3-BE or ethanol control for 24 hours and Westem 
analysis used to asses the levels of phosphorndated Akt (p-Akt} The Blot was stipped and re 
probed for total Akt as a loading contol. The results are representatve of two independent 
expenments. (C}) 125(0H},D.-3-BE inhibits Akt-mediated phosphorlation of caspase-2 
Caki 1 cells were incubated with 5*10°M of 125(/OH Ds, 125(/OH_Ds2-BE, the PISKIAKE 


inhikitor LY 284002 (10 OM) of ethanol contol for 6 fours and Western analysis used to 


asses the levels of phosphorlated caspase (p-Caspase 8) The blot was sttpoped and re- 


probed for Li-achn as a loading contol. The results are representative of three independent 


periments. 


Fig. 4. HPLC profiles of (A) a standard sample of “C-1,25(/0H}Ds-3-BE, and (B) organic 
extract of a sample of human serum, spiked with “C-1.25(OHbD:-3-BE. Conditions: C18 
column, 59: HeO-MeQH: mobile phase, on-line radiwachvity-detecton. The expermmnent was 


repeated three times and representative data shown. 


Fig. 3. 1,.25(OH_Ds-3-BE inhibets tumor growth im a mouse xenogqralt growth m a mouse 
wenogrant madel (A) Caki 1 senogratted tumor growth mm response to administration of 
128h/OHbDs and 125(/OH—bD.3-BE (0.75 pgikg body weight each) Tumor size was 


measured at the indicated days aiter njecton of tumor cells. Inset Graphical representation 
‘ 
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of tumor volumes. at the completion of the expemment. ‘=p-0.01 by Students T test (B) 
12oOH Ds and 125/OHbD:3-BE do mot induce toxicity in mice. At each time where tumor 
Se was measured fhe mace were weighed a5 a measure of toxic effects of 125/0HbD:s and 
LowOHbDs-3-BE. (C) Senmen-calaum valves of Peated anenals were determimed by a 
caicium-assay kit using manutacturers procedure (BooAssay System). Statistcal analysis 


Was done by Students 7 test 


Fig. & 125/0H},D,-3-BE stimulates apoptosis and reduces cyclin A levels in renal cancer 
wenograts. JA) lmmunohistechemical analysis of cyclin A levels in xenografts. The tumors 
denved from coniral, 1.25(0H Ds and 1.25 0H2D:-3-BE treated mice were examined for 
cyciin A levels. Arrows indicate positive nuclear staining for cyclim A. (8B) Apoptotic bodies 
are increased im tumors from 1,25(Q0HbDs-3-BE treated mice. Cirdes indicate representative 
apoptobe bomes. (0) Quantificaton of cyclin A staming (let pamel) and apoptotic bodies 
inght panel) Posttve nuclear staining for cyclin A and the number of apoptotic bodies m 
coninal tumors (Gon), tumors denved fram 125°/OH)20s5 treated mice (D) and tumors denved 
from 1 ,25(OH bDs-3-BE feated mice were counted a5 descnbed in Matenats and Methods. 


For cycin A state 


ical analysis (students T test), "=P<0.005 and “"=P<0.0005. For the 


number of apoptotic bodies “=P<0.02_ 
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Table 

1,23(0H}sD5-3-8E stimulates caspase-3/T activity activity in Caki 1 cells 

Caspase? actvity was determined following treatment of Caki 1 cells for 6 hours with 
1,25/OH bDs 1,25/OHi2Ds-2-8E or ethanol (vehicle) control, Fluorescence released following 
Cleavage of the pro-fluorescent substrate, 2-DEVD-110 was measured at the emission 
maximum of S27 om. The amount of fuorescent product generated is representative of the 
amount of actve caspase-37 in the sample. SE= standard error 


Treatment Fluorescence Linits #i- SE 
EtOH 0 0 
1,25{OH Ds 0 0 
1,25{(OH_Ds-3-BE 1re41 BP 1 
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Abstract Cptotosic drugs in liposomal vehicles target temors and probect the drugs from premature 
degradation 1.25-(hhydrosyvitamin [3-3,6-bromoacetate (1,25{0H 3203 -3-BE), a vitamin 0 receptor- 
alkylating agent be by Ree revert oF prostate qancer cells. Aino of the study was to evaluate the 
efficacy of a liposomal preparation of 1,25(0H)203-2-H2 veroes 12°5(0H]203-3-BE in modulating the 
craps of pecphiche vaniescile: Results demonsirate that liposo 

better than 1,25(0H)204-4-BE in inhibiting the growth. In addition, liposomal 1,25(0H)202-3-BE was 


found to be stable in bouman serum. Taken together, Tesult: of the studies delineated here supe 
therapeutic potenbal of hposonsal 1,25(0H203-3-E in prostate cancer. 


Opposed Reviewers: 


Resnonese to Reviewers: Rebuttal 
Om behalf of the authors | would like thank st reviewers fora careful review of our manuscript We 


have made changes! additions deletions according to the suggestions of the reviewer's. We hope that 
Le will Be sufficient for the manuscript to be aooepted for publicabion. 


1, In the Ronning Tide: “Experimental Study (Jub 21, 2010)" ts removed 


rs in the Abstract (as suggested by the reviewer): 


125(OH]203-3-WE is significanthy 
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Added: “Cytotowic drags in liposomal vebicles target bomors and protect te drogs from premature 
degradation” has been replaced by (according ip the saggestion of the reviewer}: 


Deleted: “Encapsolating cytotosdic drugs in liposomal vehicles allows for the targeting of tumors while 
protecting the drugs from premature degradation,” 
Typographical errors: $We apologize for this oversig 
vellow (deletons are ‘crossed out’). 


ht. They are corrected and highlighted with 


A. Figure Legends: Gonepletely revamped according to the suggestion of the reviewer. 


4. Figures: All anes have been made uniform. 


Thank you ven mock for your consideration. 


Rahul Ray 
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To whom it may comcem: 


dihydroxyvitamun D.-36-bromoacetate is a stranger growth-inlubiing agent than it: naked counter 
In prostate camcer cells’ im be considered for publication m Joomnal of Steroids and Honmonal 
SCE & 


‘Ths Guamuscnpt ibcluses a cnitica. study to devewop a Upesoma. fomiwation of the nile compound. a 
novel demvative of vitamin D. and evaluate ts therapeutic tamslational potenti: 
love with the stated foals of thas joumal 


Thank you for your attention. 


Rahul Ray 
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Liposomal ] J $-bbydrorritamn D.-36-bromoacetate t a stronger growth-mlbitme azeot than 
its un-encapsulated counterpart im prostate camcer cells 


Belly 5. Persons, ShwethaHareesh, Vikram J. Eddy. and Rahul Rav* 

Boston University School of Medicine, £5 East Newton Simeet, Boston, MA O2118, U.S.A. 
*Comespondim: author. Boston University School of Medacime, Boston, MLA. U.S.A. Tet +61 7-055- 

£109. Far: +61 7-658-194, 2 mal bapwajbuedu 


| 1 23-dihvdroxyvitanin D,-3f-bromoacetale and prostate cancer 


‘15(0H):D,-2-BE) h vitamin © receptor-all-yistine al = the & =ainihialpanctake cancer cells. 


aim of the study was to evaluate the efficacy of a liposomal preparation of 1 25(0H),D,-3-HE 
wersus 1,.25(0H),D,-3-BE m modulating the erowth of prostate cancer cells. Results demonstrate that 
iposomal 1,25(OH),D.,-3-BE is significantly better than 1.2540H),0,-3-BE in mhibiting the growth 
In addon, liposomal 1.25(0H),D;- 3-BE wat fund to be stable in Inman secu. Taken to Zether, 
results of the studies delmeated here suggest a thempewnc potential of liposomal ]_250H).D,-3-BE o 
prostate cancer. 


Key words: Liposomal |.25-dibydronriitamm D,-3$-bromnaacetate, vitamin D receptor alkyiat 
APeM prostate cancer mE 


L. Instroduction: Liposomes are recognized 35 gmportant vehacles for cytotoxic drugs 

because they can protect the drugs irom dezradation m circulation, thereby protecting healthy cells and 

feswes Irom expasure to lethal drug doses. Additionally, bposomes can extravasate through baky 
humor vasculature selectively over momnal tissues and release dmg: inte the tumor [1-4]. 

1 .25-Dihydroxyvitamin D, (1.25(0H),D,) is an antiproliferative and anti-cancer agent [5]. But 
fs chical appiicability bas been meted by Ivper-calcemia and related tomcity, broucht m by birh 
therapeutic doses [5-8]. Paradoxically hizh doses are required to counter its rapid catabolic 
derradanon lee. 25-dibydrouvvitamm D.,-36-bromoacetate (1.25(0H),D,-}-BE) was developed 
our laboratory to counter thie problem by covalently attache 1,23(0H),D, deep mside the bzami- 
bind: pocket of vitamun D receptor (VOR), the tamsompiwonal factor that regulates the Doolbeal 
activities of 1,25(OH).D [9-14]. In recent publications it waskas bean demonstrated that 
1,25(0H8).D,-3-BE and 25-hydroxvyitamin D,-5-bromoacetate, the counterpart of 125(OH)}.D;-3-BE 
without the 1-bydrouwl group, are considerably stronger antorolitenstive agents than ] 24 08),0D, m 
prostate and pancreatic cancer cells [12-15]. as well as lugh-msk newroblastoma cells [14]. 

In the Present COMMIUICAON We repart that a liposomal preparation of ].23/OH).D,-3-BE has 
a better erowth-mutstory property m three prostate cancer cel) imes than the 
compound (1, 15(0H)D),-3 -BE) and the parent hormone. 1.25(OH).D, (ure 2 
liposomal). We also repom that liposomal 1,.25(/0H),D,-3-BE is stable in boman serum, thereby 
attests therapeutic potential of posomal 1.25(0OH).D,-3-BE m prostate cancer. 


l 
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2. Materials and Methods: All chemicals were obtained fom Sizma-Aldmch Milwaukee, WL 
unless mentioned otherwise Cell-lines were obtained from ATCC rerses VA). 
Preparahion of liposomes: A solute of cholesterol (] we), dimethyiIphosphondy! cholme (DMPC) 
(2 we) apd 1_25(0H)0D, (1 og, a kd pt from Dr Milan Uskokovic. Hofiman La-Roche, Nutley, NJ) 
or 1.25(0H8),D;-3-BE (1 we, synthesized m our laboratory, reference 17} m chloroform was dried ma 
stream of argon. Phosphated saline (PBS, 2.5 ml) was added to the solid residue Inlowed by mixme 
by brief vortexing and the muure was sonicated for 13 mum. The oulky solution was incubated at 
§0°C for 50 mim and frozen at -77" : for 20 mm. Thos heating and feemme cycle was repeated once, 
and the preparation was stored at 4°C for use in assays. Prior to each assay the liposomal preparation 
Was SOmboated and vortexed bneily for proper ome. 

In a separate expenment a chiorofonm soluteon of cholesterol DMPC and | .23(0H),D, was 
spiked with “H-1,25(0H),D, (100,000 com, sp. activity 120 CitmM, Amersham GE Healthcare), 
followed by mixing (in PBS) and sonication etc. The preparation was centrifuged at 4"C in an 
Witacentituge (Beckman Ulracentifige L 7-63) usmg a Beckman 30.2 Ti motor at 35,008) pm for Of 
aed a Supernatant and pellet (dispersed in one ml ot PBS) were mimed wth scintillation fuid and 
counted. . We pyotinely obtamed 0, mcorporatinn of madwachvity m the pellet. 

| iiferation assays: We tested antiproliferatve activity of 1.23(0H),0,, iposomal 1,23(0H):D; 
fl. SOE ii. 12MOH),D,-3-BE and bposomal 1 ,25(0H)0,-3-BE (1 ,23(0H)}.D,-3-HE},, 
LNCaP PC-3 and DU- oe prostate cancer cells by MTT assay (accordime te mamufactirer's procedure 
(Trevizen, Gaithersburg. =, MD) or “H-tbymidime incorperation assay (see below) . 
'H-thymidine-incororation aSeay- Tn a typical assay cells were erown to 50-00%. confluence 
in J4-well plates m DMEM meds conmtamme 10". FBS, serum-starved for 20 hours, followed Ov 
Teaient with vanows concentrations of 1.25(0H.D, or 1.260H),D,-3-HE (as 0.1%. ethanolic 
soluhon) or ethane) (wehocle) or (1 2 OH.D4), a7 (1,23(0H).D.-3-BE), or blank ippsome m senum- 
Containing med for fs hr. ANE the (reathent. mecha was removed fom the wells and replaced 
With media SOUALUNS "H-thymidine (0.1 Sizma-Aldmch Milwaukee, WT) pa aet Plates were 
incubated for 3 hr at 37°C followed by the: lowine sequence of steps. Laquid was removed by 
aspianan, cells washed thoroughly (3300.5 ml) with PBS, ice-cold 3%. perchionc acid sobanon (05 
milwell) added, incobated oo ice for 20 mm, perchlonc acid Pemowed Oy aspiration, replaced with 05 
mil of sesh perchloric acid, incubated at 70°C for 20 Ite: Finally, soheon ftom each well was 
med with scontillarson toad and counted in. a quad scimtilahon counter. There were si (6) wells per 
Sample amd statistics was camed out by Shadent’s t test. 
ipmth assay. DU-145 cells were treated with various doses (a5 mm ated in Figure. 4) ot 
],45(O8).D,-3-BE(123(08),D,-}-HE},. ethane. blak iposomeon 1", 3™ and 3* davs, followed br 
harvesting of the cells (by trypsinization) on 7" day and counting the cells ma hemocytometer. There 
were three (3) wells per sample, amd statistics was camed out by Stadent’s t test. 
Serum-stabality study of (1.25(0H).D.,-3-BE),: One ol of pooled oman serum was mecubated at 
37°C for 60 minutes with a sample of (1,25(0H),D,-3-BE), (10 we) followed by extraction with 
3u0 3m) of ethyl acetate. The anzamic yer was dned ma stream of nirozen and thie reciins Was 
analyzed by HPLC (Ardent 110) senes, Themmo-Sqenniic. Waltham MLA 5°. H,O-MeOH mobile 
phase, 1.3 mi'mm. 153 om detection C15 column). A standard sample of 1,25(0H),D--3- 
BEwas amahzed by HPLC under same comdipons 


4. Kevults: 
3.1: @£,2108,D-3-BE} fas the crongest erowii-mioitery property i camaprison 
wit, JGR) ,0-3-BE J,25/08),D, and (1,23 (O810.4 m prose cancer cas. 
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In erowth-inhibreon studies with androzen-sensinve LNCaP and andropen-imsenstme Pil-5 and 
DU-145 prostate cancer celk, 10°*M of 1,25(0H),D, or (1,25(0H).D,), failed to show anv significant 
effect (Figures LA 2A and 3A respectively). But, in all these cell-lines 10° M of 1,25(0H),D,-3-BE 
amd (1. 23(OH.D.-3-BE), displayed considerable antipro iterative effect (Fieures 16-38). 
Importantly, m each case (1.2(0H),0,-3-BE}, showed a stronger antiproliferatwe effect than naked 
1.25(OH).D,-3+-BE. For example, in LNCaP C-3 and DU-145 celk, 10°°M of 1,25(0H),D,-3-BE 
inhibited growth by approximately 33%, 20% and 15%. respectively, while an equivalent dose of 
(1.25(OHiLD,-3-BE) whibtted growth br appromately 35%, 43. and 35% respectively (Figures 
1H-3B) Growth of LNCaP and DU-145 cells was sarticularhy sensitive to 1O°M of 1,25(0H),D,-3- 
BE and (1,23(0H),D,-3-BE),, and ther prowth was almost completely mibsted oy ap 1B asd 28) 
In comparison, Pil-3 cells were less sensitive to these treatments (Figure 2B). Al dose may be 
oMmidered supm-piysielo ical, but we employed thus doseteyel simply to compare the effects 
between ].25/(/0H).0, and 1.23(0H}D,-5-BE and them Dposomal formulations. Cobectrvely these 
results showed that 1,25(0H),D,-3-BE, paricularly m lmesomal fommulation has strane prowth- 
ay eHect in prostate cancer cells. 

IX 21RD -3-BE}, nas cromeer ani-erowin qiect fu 2508) -3-BE ma chronic ond 
iong-term crown any m DO-S 45 ceils. | 

In the neut stady DU-145 cells ‘Were (eated three times in a week-long growth assay to 
naimic chronic administration of drugs m m vive studies. Results of this assay, shown in Figure 4, 

amonsttate that (1.25(OH).D,-3-BE), has a steonger anti-prowth effect than 1.25(0H),D,-3-BE ma 
oie ciesstacload cae 
3.3. (7,200 B),D-3-BE) is ctabie in Aman Serum. 

senum-stabilay assay of (1 25(OH),D,-3-BE}, by HPLC produced a sharp peak wiih a retenhion 
time of 6.68 man and a small shoulder at aporomimately 6 oun (Figure $B, Bottom Panel). Most 
Importantly, 1.23(0H),D,-3-BE did not produce a peak for 1,25(OH).D; (indicated by arow). These 
Tests sironziy suggested that 1.25(OH).D,-3-BE stab in Inman serum for at least up to O0 mun at 
a7 C. 

4. Discosson: L2(08),0D, mlubits prowth of may cancer cells, supeestine os potential a5 a 
cancer therapeutic agent. However, its clinscal we has been Lmated by its toxicity m pharmacological 
doses [8]. Requirement of high clinical dose is related to its rapid catabolic degradation (warranting 
higher doses) aod lack of selectrvety for tumor cells over momma! cells. As discussed earlier, these 
problems can ee ee eocapswatne 1.25(0H),D, m bposomes nanosomes. It 
would be even better if am analog of 1,25(OH).D, with a better thempeutic index (than | 23(0H),04) s 
subjected to the same process. In pees publicanons we have demonstrated that | .23((0H),D,-3-BE 
een considerably stronger antiproliterative activity than 1] 23(0H),0, m prostate and pancreatic 
7 3], wndersconne therapenatic potential of 1.23(0H).0,-3-BE. However, 
of such 2 translational potenhal requires development of an effective fomolation 


ican, prublent sec hiins poeteunine desmuction to c 
Of In the other extreme, undesmably lone sabiliry to er 
Vy eee ee ae 


a (0H); Di 3BE: mm Sanesih an sad Cuskuated seat elicits dacpeitties 
Tm prostate cancer cells. 
Results of our in wire studies show thar (1,25(0H},.D.-3-BE), bas stronger prowith-inhibitary 
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property than |,25(OH).D,-3-BE, 1.235(0H),D; and (1-23(0H),D;). (Figures 1-3) in all three prostate 
cancer cells. In addition, (1,2500H),D.-35-BE}, 5 sizmiicanthy more efiicacsous as an antiproliferative 
apemt than | ,23(0H),D,-3-BE ma chronic growth assay with DU-145 ceils (Figure 4). 

1 _23(0H),D.-3-BE 6 am ester of | 25(08)2D,. and ots bydrolvses m vive would produce 
equivalent amounts 1]_25(0H).D, and bromoeecetic acid, thereby reducing os efficacy (Figure §, Inset). 
HPL -analysis madicates that (1,25(/0H),.D)-3-BE), i stable mm fuman senam for at bast up to one 
hourthr as demoted by the absence of 1,25(0H),D, peak m the HPLC of the orpamic-eumract of 
(1.25(0H).D,-3-BE) (Fiemre 5. 

In summary, results, delineated in this study demonstrate that (1.25(0H),D,-3-BE), has a 
stronzer erowth-mbibitery effect than ].25'OH),D,-3-BE in prostate cancer cel. Thos mformation 
coupled with its serum-stabulity eéstronely sageests a therapeutic potenhal of (1.25(/0H)2D,-3-BE}, 
ACME eN-SPNSHIVe Id MOM Fen-MSensitive prostabe cancer 


Aclnowledgemest- Authors acknowledge research-suppam by grants ftom ahoenal Cancer Instrhate 
(LRAIC ADI 7629-0142, [RSC A161 7-0LAD) and Department of Defense (PC 051136), 


Figure l-Cytotomcity of 1.23(08).Ds, (1,240H):D;),,.1L3(0H8).D,-3-BEar (1,25(0H)}.D,-2-BE}, 
im LNCaP cells.Cells were et ee oe blank liposome (control), varpus doses of 
1,23(O8).D;. (12508),0,)_,1.25(08),0D5-3-BEar (1 20H81.D.-3-BE}, for 16 be Metabolic actwity 
In reazent-treated cells relative to controls was quantitated using a tetrazolrm-based (MTT) 


chromoremic assay. OD was measured spectrophotometically at 450 om There were sm replicates for 


Pach sample. Statetics was done by stadenrs t test. ***p<O.001, **p-0.01 


Figure 22C ytotomaty of 1.23(08),D,, (1.240H).Ds)..L3(08),D,-3-BEar (L25(0H),.D,-3-BE}. 
mw PC celk.Celk were treated with ethanol (control), blank lbposome (contro!) various doses of 
ee ae ib (L23 OR) Ds). 25(0H).D;-3-BEar (1,23(0H),D,-3-BE), for 16 br followed by 
H-Thymidine mmcorparatvon assay by a procedure described m Materials and Methods section There 
Were 51m replicates foreach sample. Statstecs was done by student's ttest: ***p<0.001, **p-0.01 


Figure 3--Cytotonaty of 1 25(08).D,, (1,24(08).D;),,1,2(08).D,-3-BEar (125(08).D,-3-BE), 
mw DU-L4 cele. Cells were treated with ethanol (control), blank liposome (control), wanous doses of 
1,25(OH8)-Ds. (1.2408),0,),.1.25(0H).0,-3-BEar (1,25(0),D.-3-BE}, for 146 br followed by *H- 
Thvinidine incorporation assav by a procedure descnbed m Maternal and Methods section There 
Were 515 replicates for each sample. Statstecs was done Oy student's ttest ***p“0.001, **p0.01. 


Figure 4-(-rowth assay of DU-145 cells, as they were treated with] 25(0H}.D.-3-BEor 

(1. 25(0H),D,-3-BEIL. Cells were woh ethanol (control). Pars liposome (comtnal), vanous doses of 
1,25(0H)}.D)-3-BEar (1,25(0H),D.-3-BE),on 1", 3" and 5 days, harvested on 7* day and counted in 
A hemocytometer. There were three replicates for each sample ‘Statestics was dome by student's t test: 
*n-0.001, **po.01. 


Figure §:Evalnuation of the serum-stabibty of (1 25/08),D.-3-BE}),. Ooe ol of baman serum was 
incubated at 37°C for 60 minutes with a sample of (1.25(0H).D,-3-BE}, (10 we) Slowed by 
PRacton with ethy! acetate and HPLC -anabysis of the oreamic-eutract A standard sample of 

l 2o( OH jsDh-2- “BE was 1150 analyzed by HPLC under same conditions, Inset Graphic depichon of 
bydrolytic production of equimolar amount of 1.25(O08).D, and bromeacenic acid from 1.25(0OH}.D,- 


4 


121 


References: 


[1) V. Toncilm, Mulnfimctional Nanocamers. Adv. Drag Delw. Rew. 35 (2006) 1532-1555. 

[2] L. Brammoo-Pepopas, J. Blechette, Nanoparticle and targeted systems for cancer therapy. Ady 

Dmg Dely Rev. ¥ (2004) 1649-1058 

[3] D.C. Drmmond, 0. Meyer KR. Hone, DB. Ropotn D. Papahadeponlos, Optimum: liposomes 

for delivery of chemotherapeutic agents to soled tumors. PRAT. Rev. 31 (1990) 691-745. 

[4] KR Jam BL Delivery of molecular medicme to solid tumors. Soenmce 27) (Pood) 107o-]080. 

[3] 5. Matsuda, G. Jones, Promise of vitamin D analozues on ihe tivaieneit nk byperpraierative 

conditions. Mlol Cancer Thera. 5 (2006) /O7-805. 

[o) “LG. Paki. DLL. Tramp, J.R. Mumadi J.D. Black, RJ. Bemardi, BY. Creaven, J. Scherartz, MG. 
Tench, (2.5. Johoson. A phase | pharmacokinetic and pharmacodynamic study 

of intravenous akanalin combination with oral gefitinib in patients with advanced solid tumors. Clim 

Cancer Res. 13 (2007) 1216-1235. 

7 ot Tramp, DML Potter, J. Mumdi A. Brttky, ©.5. Johnson, Phase 0 tal of beh-iose, 

tent calkcrimel (1.25 dhbydronyvatamm D3) and dexamethasone in andre zen-indenendent 

visa cancer. Cancer 1) (2006) 2136-2142. 

[8] TM Beer MON. Javie, CW Ryan, M. Garzotte, GN. Lam A Wong, WD. Henner C5. oimson. 

DL Trak. Phase I study of weekly DIN-101, a new formulation of calcitriol, in patients with cancer. 

harmacel, 39 (3007) 381-587. 

[So] K Rav, NW. piel y. BIN. MacDonald, 5. Ray, MR. Haussler, MF. Bolick, Atiny labeling of 

la.25-dihydroxyvitamin D, receptor J. Biol Chem. 271 (199s) 2012-2017. 

[10] MOL. Chen 3. Rav WN. Swamy, MF. Holbeck. RL Rav, Amtir-proiiermtian of boman kerainocyies 

with la, 23-dihvdraxyvitanun D-3-bromoacetate, an xitimty labelme analoe of | 2 5-dihvdrosy vita. 

D.: mechanistic stadies. Arch Biochem. Biophys. 370 (1009) 4-44. 

[li] N. Swamy, W. Aw WN. Paz J-C. Hseh MR. Haussler, GF. Maalouf 5.0. Moir, R Ray, 

Molecular modelme. affinity labeling and site-directed mutagenes: define the kev pomts of nteractwoo 

between the lizand-bindine domain of the vitanum D muclear receptor and | 25-dibydroxyvitamm D.. 

Biochem 39 (2000) ernie 

[12] WN. Swann, E.5. Persons, TC. Chen, KR. Ray. bo25-Dibvdroxyvitamun D,-39+(2)-bromoacetate, 

an affinity labeling seciwatin of 1 .25-dihvdroxyvitamin D, displays strong antiproliferative and 

critic behavior in prostate camcer cells. J. Cell Biochem 89 (2005) 906-016. 

[13] N. Swamy, TC. Chen 5. Pelee P Dhawan, $. Comstakes, LV Stewart, N.L. Wetzel EG 

Mehta, MF. Holick, FL Ray, Inlbinon of proliferation and induction of apopioss by 15- 

hydroxyvitamin D,-3-bromoacetate in prostate cancer cells. Clin. Cancer Res. 10 (2004) $018-8027 

[14] JL. Lambert, C.D. Young, ES. Persons, R. Kay, Mechanistic and pharmacodynamic studies of a 

25-bydroxyvitamin D, derivative in prostate cancer cells. Biochem Biophys. Res. Comm. 361 (2007) 

LB8-195. 

[15] BS. Persons, VJ. Eddy, 5. Chadid RL Deolviera, AE. aha, BL Bay, AMI-£ Prawth etect of 1 25- 

Dihydroxyviamun D,-3-bromeacetate done orm cobination with }-amumoe-muidaze slat cobhinaiaaie 

l-{beta)}—-nboturameside m pancrestic cancer cells. Anhcancer Res. 30 (010) 1873-1880. 

[1d] 1.5. Lange, FLE. omen ft. Eon Y. Zou, 5.5. Kakunte, GL. Sholer, N. Swany, L. Brand, 

Antiproliferative and pro-apepiotic properhes of 3-bromoacetonyoalcidiel io beh msk neuroblastoma 

Chem Biol Drug Des. 70 CHOOT) ) 302-310. 

[17] FL Ray, 5. Ray, MF. Holick. Io 25-Dihvdrosyvitamn D,-3§-(2)-bromaacetate, an aftioty- 


5 


122 


labeling analor of 10 .23-Dihyiroxyviramm D,. Booore.Chem 22 (1094) 276-283. 

18] r Yuan F, ML Leunig. SR. Huang DA Berk, D. Papahadsepoules, RE. Jam RR. Microvascular 
=T rstitia] penetration of sterically stabalized (stealth) Iposomes 10 a buman tumor 
snanall Cancer Fes 34 (1905) 9352-3504. 

[19] D. Papahadjopoulos, TMi Allen A. Gabimon, E. Mayhew, K. Matthay, 5K. Huang, ED. Lee, 
MC. Woodle, DD. Lasic, C. Redemann, FJ. Martin, Sterically stabilized liposomes: improvements mn 
pharmacokinetics and antitumor therapeutic efficacy. Proc. Natl Acad. So. USA 8S (1091) Ll- 
Lis64. 

[20] L Cheong, X Huoane. B. Thomton, L.A. Daz Ir, 5. Zhou, Taretnge cancer with fars and 
iposomes: ready, aim, fire. Cancer Ries. o7 (2007) 9603-0608. 

[21] LA Diaz Jr, 1 (Cheong, C.a. Foss, X. Zhang, BA Peters, N. Aerawal, C. Bettepowda, B. Karim 
G. Lm G, E. Ehan X. Huang, M Kohl, L.H Dane. 2 Hwang, A. Vozelstem E. Grameti-Mayer, B. 
Robnn, Ml Pommer, 5. Zhou, EW. Rumzler, B. Vogelstem, DL Huse, Phanmacelopic and toxcelopic 
evaluation of C. nowyi-NT spores. Tomcol Sci 83 (2085) 362-373. 

[22] NW. Agrawal, C. Bettezowda, 1. Cheong, .F. Geschwind, C.G. Drake, E.L. Hipkiss, M. Tatsumi, 
LH Dang, LA Diaz Jr. Mo Pomper, M Abusedera, RL. Wahl EW. Kinzer, 5. phen. U1. Ham, E. 
Vogeltem Bactenolynic apg frend arpcenctyl amo SOMTINe PesOnse ARIST Spe . 
Proc. Natl Acad Sci USA 10] (2004) 15) 72-1517) 

[23] L Cheong, X Huang, C. Bettepowda, LA Digs fi: E..'W. Emmzler 5. how B Vozelsiem A 
bactermal protem enhances the release and efiicacy of bposomal cancer drugs. Science 314 (200) 1308- 
I3ll. 


123 


